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Part 1. Introduction Thesis outline

Thesis outline

The members of the phylum Tardigrada are outstanding animals with the capability
to resist environmental stress like low and high temperatures or pressure, the lack
of water and radiation. In this thesis I describe bioinformatical approaches to
investigate such capabilities and their impact on tardigrade physiology. Further
the taxonomic relationship between several tardigrade species are of interest in
this thesis which are currently unknown. Thus the second part of the thesis gives
attention to phylogenetic methods used to distinguish species and concerning their
systematics.

The first part of the thesis is an introduction into the phylum Tardigrada and the
internal transcribed spacer 2 (ITS2) as a phylogenetic marker.

The second part describes the methods I used, which cover bioinformatical meth-
ods such as sequence alignment, database searches as well as database generation
and laboratory work.

The third part, as the main part and results section of this thesis, is composed of
the scientific articles as individual chapters we published or submitted to several
journals: Chapter 3 (pages 23-34) describes the creation of a web-based workbench
for our FUNCRYPTA project. It covers the presentation of the sequencing results and
their annotation and additionally offers some tools like motif search or BLAST in
our sequence database. The next article (chapter 4 (pages 34—47)) gives an overview
about the still ongoing nucleotide sequencing project for Milnesium tardigradum.
I was involved in the cleaning, assembly and annotation of the sequences and
contributed to further steps of data analysis. The third publication (chapter 5 (pages
47-98)) covers the survey and translation of the complete available transcriptome
sequence information from different tardigrades. We compare this information
to other organisms including Caenorhabditis elegans, Drosophila melanogaster and
Homo sapiens. The chapter 6 (pages 98-137) shows the first results of the proteomic
approach of the FUNCcRrYPTA-Project for which I prepared the hypothetical pro-
teins to allow the identification of the picked protein spots. The next publication
(chapter 7 (pages 137-146)) shows an investigation of several heat shock proteins
(HSPs) in M. tardigradum. Chapter 8 (pages 146—160) shows several examples and
techniques of bioinformatical analyses applied to the available tardigrade data, e.g.
the identification of ribonucleic acid (RNA) stability motifs and clustering of protein
families. We showed the diversity of DNA-j like proteins which maybe a reason for
the adaptation capability of M. tardigradum.

The second major topic of this thesis—and the resulting publications—focuses on
the ITS2 as a genetic marker to answer phylogenetic questions. Currently about
200,000 sequences of ITS2s are available in common databases like Genbank. I was
involved in a complete redesign of the ITS2 database. As a public database, it offers
sequence and structure information for more then 160,000 complete ITS2s (chapter 9
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(pages 160-167)). In a simulation study, we showed for the first time the benefit
of additional structure information for phylogenetic reconstructions with the ITS2
(chapter 10 (pages 167-180)). The next publication (chapter 11 (pages 180-194))
corroborates a monophyletic chlorophycean DO-group (Sphaeropleales). I obtained
the sequence information in our laboratory for this study by own experiments.
Cryptic species in the phylum Tardigrada are often found. So chapter 12 (pages 194
222) shows how we distinguish between several species of the genus Paramacrobiotus
and describe three new species based on an analysis of compensatory base changes
(CBCs) of the ITSz2s

The phylum Tardigrada

The phylum Tardigrada is formed by the tardigrades which are commonly known
as ‘water bears’ and is part of the superphylum Ecdysozoa.

The first description of a tardigrade was published by Goeze (1773). He named
the animal ‘kleiner Wasserbar” (=little water bear). He depicted a small animal with
a head with two eyes and four pairs of clawed legs. (Figure 1).

The name Tardigrada was given by Spallanzani (1776) and means ‘slow walker’
(Latin: tardis-slow, gradi-walk). Spallanzani (1776) also described the capability
to desiccate and to become alive again if the desiccation was slow. This reversible
suspension of metabolism of this multi-cellular animals is known as cryptobiosis
(Keilin 1959; Ramazzotti and Maucci 1983).

The size of tardigrades ranges from 50-1500 pm. They are globally distributed,
however their habitats may be very diverse and characterised by extreme envi-
ronmental conditions. Usually, they live in marine, freshwater and terrestrial
environments, especially in lichens and mosses (Marcus 1928; Marcus and Dahl

Fig. 7.

Figure 1.: First drawing of a ‘water-
bear’ by Goeze (1773) with head
and mouth (a), eyes (b) and pairs
of legs (c) with claws (d).
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1928; Nelson 2002). For example, the cosmopolitan M. tardigradum was found in
altitudes up to 600om in the Himalaya, in central Europe, Java and Canada (Marcus
1928). In addition, Coronarctus tenellus was found in the deep sea at a depth of
3700om (Kinchin 1994, p. 94).

In most cases it is their dehydrated form, also known as tun-stage (Baumann 1922,
1927), that allows them to resist such extreme environments. Some tardigrades can
survive low temperatures down to —273 °C (Becquerel 1950) and high temperatures
up to 151 °C (Rahm 1921). They tolerate high (7.5 GPa) (Ono et al. 2008) and low
pressure down to the space vacuum (Jensson et al. 2008) and different types of radi-
ation like X-rays up to 10,000 Gy (May et al. 1964), y-rays up to 6000 Gy (Horikawa
et al. 2006; Jonsson et al. 2005), and Helium ion beam up to 7000 Gy (Horikawa et al.
2006).

From a systematic point of view, the phylum Tardigrada is divided into three
classes: Eutardigrada, Heterotardigrada and Mesotardigrada. These classes are
subdivided into four orders with 21 families. Recent checklists by Degma and
Guidetti (2007); Degma et al. (2010); Guidetti and Bertolani (2005) summarise more
than 1,000 described tardigrade species.

The class Mesotardigrada is under discussion. It was established on base of the
species Thermozodium esakii from a hot spring near Nagasaki (Rahm 1937). No other
mesotardigrade has been found and neither type material nor type locality have
survived due to an earthquake. The members of the class Heterotardigrada mainly
exist in terrestrial and maritime environments. Members of Eutardigrada mainly
live in terrestrial and limnic habitats.

The phylogenetic position of the phylum Tardigrada within the animal kingdom is
still unclear. Recent publications suggest a position next to the Nematoda (Roeding
et al. 2007; Telford et al. 2005). Former publications suggest a close relationship to
the Arthopoda (Aguinaldo et al. 1997, Marcus 1928; Ramazzotti and Maucci 1983).
Tardigrada as a sister group to Onychophora was discussed by Mallatt and Giribet
(2006).

In this thesis I present data of three tardigrade species (M. tardigradum, Hypsibius
dujardini and Richtersius coronifer) and the genus Paramacrobiotus, described in the
following.

Milnesium tardigradum

Milnesium tardigradum is a well-known cosmopolitan species tardigrade with body
length between 500 pym and more then 1000 pm (Kinchin 1994). In contrast to most
other tardigrades, M. tardigradum is carnivorous, feeding on rotifers and nematodes.

The reproduction of M. tardigradum seems to be parthenogenetic as reported by
Baumann (1964). Also Schuetz (1987) could not observe males during a cultivation
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time of one year. Suzuki (2008) reported a low frequency of males in the culture of
M. tardigradum.

The eggs are colourless or brown and the diameter ranges from 7o-110um
(Kinchin 1994). Suzuki (2003) found that the most rapidly developing animal laid
eggs 12 days after hatching.

Hypsibius dujardini

Hypsibius dujardini is an obligatory parthenogenetic species (Ammermann 1967).
H. dujardini can be cryopreserved and cultured continuously for long time. The
genome size of about 78 Mbp (Gregory et al. 2007) is one of the smallest genomes
of animals (Gabriel et al. 2007). This is about three-quarters of C. elegans and less
than half the size of the D. melanogaster genome. The generation time is about
14 days at room temperature, the embryos have a stereotyped cleavage pattern
with asymmetric cell divisions, nuclear migrations, and cell migrations occurring in
reproducible patterns.

The rate of protein evolution in H. dujardini is similar to the rate in D. melanogaster
and, thus similar to most other known genomes in metazoans (Gabriel et al. 2007).
Only sparse molecular data are available, but Bavan et al. (2009) described a puriner-
gic receptor expressed in H. dujardini and Gabriel and Goldstein (2007) examined
the expression of Pax3/7 during embryogenesis.

Richtersius coronifer

Richtersius coronifer, formerly Adorybiotus or Macrobiotus, is a large tardigrade with
body sizes up to 1 mm (Kinchin 1994). R. coronifer is a bryophilic (moss-living)
tardigrade, which can be found all over the world mainly in alpine and arctic
environments up to 560om (Ramlev and Westh 2001).

R. coronifer can survive severe dehydration for years (Ramlov and Westh 2001)
and is capable of tolerating temperatures down to —196 °C independent from the
actual state (tun or normal living) (Ramlev and Westh 1992; Westh and Ramlev
1991). The disaccharide trehalose is accumulated up to approximately 2.3 % dry
weight during desiccation (Westh and Ramlov 1991).

Genus Paramacrobiotus

Recently the genus Paramacrobiotus was erected within the family of Macrobiotidae
using morphological characters and gene sequences. Within the genus several
cryptic species from different places around the world could be found, which can
not be clearly separated by morphological or common molecular markers alone
(Guidetti et al. 2009). This cryptic species have been already used for biochemical
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and physiological studies and formally described as Paramacrobiotus ‘richtersi group’,
numbered consecutively (Hengherr et al. 20094,b; Hengherr et al. 2008).

Internal transcribed spacer 2

Traditionally breeding tests and similarity of morphology were used to analyse
genetic relatedness at the genus and species level. Molecular methods have played
a minor role so far, but the usage of molecular analyses should shed light on any
question of genetic relatedness between two organisms (Coleman and Mai 1997).

A lot of different markers have been used depending on the relatedness of the
organisms to be analysed (Figure 2). The large subunit (LSU) and the small subunit
(SSU) of the ribosome are highly conserved phylogenetic markers which can be
used for higher taxonomic levels (Hershkovitz and Lewis 1996).

The demand for a marker usable for distinguishing species as well as genera
or even higher taxonomic levels is satisfied with the ITS2. This spacer is located
between the 5.8S and the 28S ribosomal ribonucleic acid (rRNA) which is part of the
rRNA cistron Figure 3 (Coleman 2003, 2007). The highly conserved flanking regions
of the 5.85 and the 285 rRNA can be used to annotate ITS2 sequences by application
of hidden markov models (HMMs) (Keller et al. 2009).

The evolutionary rate of the ITS2 sequence is relatively high, but due to its
importance in the ribogenesis the secondary structure of the ITSz is highly conserved
throughout the eukaryotes (Coleman 2007; Mai and Coleman 1997; Schultz et al.
2005).

The structure consists of helices which are necessary recognition and binding
sites for the processing of the primary ribosomal desoxyribonucleic acid (rDNA)
transcripts. Therefore, the ITS2 may not only be considered as a spacer but further
as a non-coding gene (Hoshina et al. 2006).

The common structure core shows four helices (Figure 4). The first and the fourth
helix have a faster evolutionary rate, than the other two helices. The second helix
shows a characteristic U-U mismatch (Coleman 2003). The third helix owns the most
conserved sequence and has a UGGU motif (Schultz et al. 2005).

Further, the predominance of CBCs is proof for a common secondary structure
(Coleman 2003). CBC maintain pairings which are essential for the secondary
structure helices by changing the two nucleotides of a pairing to keep this pairing
(for example A-U to C-G). In a hemi- or half-CBC only one base of a pairing (A-U to
G-U) was changed (Coleman 2003). The appearance of a full CBC can be used to
distinguish between species with a accuracy of 93 % (Miiller et al. 2007).

The existence of a common core within the Eukaryota allows homology modelling
to transfer a known structure from a template sequence-structure pair of one ITS2
to another one with unknown structure (Wolf et al. 2005). At the moment more then
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Order Family Genus Species Subspecies

LSU and SSU rRNA
rbcL
mtDNA
ITS

ITS2

Figure 2.: Ranges for often used phylogenetic markers.
The bars indicate the range for which the corresponding DNA sequences are
commonly utilised for phylogenetic comparisons. Abbreviations: ITS inter-
nal transcribed spacer; mtDNA non-coding regions of animal mitochondrial
DNA; rbcL the large subunit of the chloroplast gene encoding ribulose bisphos-
phate carboxylase. The ITS2 bar represents the range possible by use of ITS2
secondary structure. Redrawn from Coleman (2003).

[ s Ers | 18s (sswy [ 1rs1 [ s.8s | 1Ts2 | 288 (LSU) [ 3 Ems

Figure 3.: Organisation of a typical eukaryotic rRNA cistron.
The drawing illustrates the organisation of the nuclear ribosomal cistrons (blue
boxes) of a typical eukaryote composed of the 5" ETS, the 185-rRNA, internal
transcribed spacer (ITS) 1, the 5.85-rRNA, the ITS2, the 28S-rRNA and the 3
ETS. Between all ribosomal cistrons are NTSs. Redrawn from Coleman (2003).
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Figure 4.: Secondary structure of the ITS2 of Dahlia brevis. General ITS2 topology
and visualisation of plant HMM motifs for the secondary structure of D. brevis
(gi:31281745). Annotation from HMM s of 5.8S and 28S are displayed as dotted
lines tracing the outline of their position, whereas the ITS2 motif HMMs are
represented by coloured lines. In parts of these motifs, nucleotide frequencies
are presented (Byun and Han 2009; Gorodkin et al. 1997). Nucleotides are
coloured yellow in unpaired regions, whereas paired nucleotides are blue. CBCs
between secondary structures of D. brevis and Dahlia iscapigeroides (gi:31281755)
are shown in red. Image taken from Koetschan et al. (2010)
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200,000 sequence-structure pairs are present at the ITSz2 database (Koetschan et al.
2010; Schultz et al. 2006; Selig et al. 2008) — a web server which offers structures
derived from a free energy minimisation algorithm (Mathews et al. 1999) and
homology modelled sequences (Wolf et al. 2005). Furthermore, ITS2 sequences can
be annotated (Keller et al. 2009) and structures can be predicted. For the database
the taxonomic information from National Center for Biotechnology Information
(NCBI) is used (Benson et al. 2009; Sayers et al. 2009).

We have recently shown that the addition of the structure information improves
the quality of phylogenetic reconstructions (Keller et al. 2010).

This thesis focuses to the amazing phylum of the Tardigrada. These animals are
capable to resist extreme environmental conditions, such as temperature, pressure
and radiation. Within this work—in framework of the FUNCRYPTA project, we are
seeking to answer the central question what reasons are behind the tardigrades’ ro-
bustness. Our approach is based on the computational analysis of various sequence
information.

Another important issue addressed in this thesis is the still debatable interrelat-
edness of species within the Tardigrada. Therefore, the second part of this thesis
concentrates on the usability of the ITS2 as phylogenetic marker to distinguish
between cryptic species in the tardigrade genus Paramacrobiotus.

10
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Chapter 1.

Material

1.1. Hardware requirements

The main part of the calculations were carried out on a computer with SuSE 10.3
or SuSE 11.0 and sparse Microsoft Windows XP™ as operating system, Intel®
Core' "2 6600 central processing unit (CPU) with 2.40 GHz and 2 GB DDR2-SDRAM
memory. Furthermore, I had access to a high performance computing (HPC) cluster
system and used it for longer calculations. The HPC cluster consists of 40 nodes
each having two dual core Intel® Xeon® 5140 (2.33 GHz) CPUs. Each node offers
8-16 GB of memory and a local 20 GB hard drive. The entire cluster additionally
holds 777 GB of network attached storage (NAS). This gives a total of 160 CPU cores,
448 GB memory and more then 1.5 TB storage.

1.2. Databases

These included the major public databases, starting from primary sequence infor-
mation: Genbank (Benson et al. 2000; Benson et al. 2009) at the NCBI, the EMBL
nucleotide sequence database at the European Molecular Biology Laboratory (EMBL)
(Baker et al. 2000; Leinonen et al. 2010), DNA Data Bank of Japan (DDBJ) (Kaminuma
et al. 2010; Tateno et al. 2000) and Universal Protein Resource (UniProt) (Jain et al.
2009; UniProt Consortium 2010). Furthermore, specific secondary databases such as
Simple Modular Architecture Research Tool (SMART) (Letunic et al. 2009; Schultz
et al. 1998) or Protein Families (PFAM) (Finn et al. 2010) were used.

Additionally we host some local installed databases using PosTGREs or MYSQL
as database management system (DBMS) (e.g. tardigrade workbench (Forster et al.
2009), the BLAST2GO database (G6tz et al. 2008) or the ITS2 database (Koetschan
et al. 2010)).

13






Chapter 2.
Methods

2.1. Bioinformatical methods

2.1.1. Sequence alignment

For the calculation of an optimal global alignment between two sequences I used
NEEDLE from the EMBOSs-program suite (Rice et al. 2000). It is a implementation
of the Needleman-Wunsch algorithm (Needleman and Wunsch 1970).

All NEEDLE versions before 6.2.0 NEEDLE allowed only semi-global alignments,
which means that the gaps at the 3’ and 5’ ends are not penalised. For a global
alignment the program STRETCHER from the EMBOSs-program suite was used. It
implements the Myers-Miller algorithm (Myers and Miller 1988) to find the optimal
global alignment in an amount of computer memory that is proportional to the
size of the smaller sequence O(N) but needs about twice the time to calculate the
alignment O(2N).

The program WATER was used to obtain optimal local alignments computed
with the Smith-Waterman algorithm (Smith and Waterman 1981). This software is
also a part of the EMBOSss-program suite. For scanning large databases I applied
basic local alignment search tool (BLAST) (Altschul et al. 1990, 1997)—a heuristic
algorithm—instead of using time-consuming optimal local alignment methods. I
used the current NCBI-BLAST implementation (version 2.2.20) to search protein
and nucleotide databases, e.g. Genbank or UniProt.

Another tool for database searches is the HMMER software (Durbin et al. 1998).
The software is based on profile-HMMSs (Krogh et al. 1994) and is used for sensitive
database searches.

2.1.2. Expressed sequence tags

Pre-processing The base calling for the expressed sequence tags (ESTs) was per-
formed with PHRED (Ewing et al. 1998; Ewing and Green 1998) using a score
threshold of 20. ESTs could contain contaminations from cloning vectors, low com-
plexity regions or low quality bases. I used the software SEQCLEAN for removal

15
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of these contaminations (TIGR 2010). The database containing information of the
vector, adaptor and primer sequences for SEQCLEAN was created by myself. I also
scanned the sequences against the NCBI UniVec database (Kitts et al. 2009). The
minimum sequence length was set to 100bp. Another problem during assembly
could be repetitive elements. These elements were removed with REPEATMASKER
(Smit et al. 1996—2004).

Assembly The assembly of the cleaned ESTs was done by the software CAP3
(Huang and Madan 1999) and TGICL (Pertea et al. 2003). Therefore the standard
parameters were used. Finally the obtained sequences were checked again for low
complexity regions.

Annotation The annotation pipeline is depicted in Figure 5. The cleaned and
assembled sequences were used for translation. To determine nucleotide sequences
coding for known proteins, we used a BLASTX search against the UniProtKB/
SwissProt-, UniProtKB/TrEMBL- and non-redundant protein database (NRdb)
(Figure 5, step 1). In parallel a six frame translation using VIRTUAL RIBOSOME
(Wernersson 2006) in version 1.1 was done followed by a HMMER search against
the PFAM-database (Figure 5, step 2). For all sequences resulting in a hit either in
the BLASTX or the PFAM search the corresponding ORFs were extracted (Figure 5,
step 4). Sequences which were not identified via BLASTX were searched against
the next more comprehensive database. Sequences with no significant result either
using BLASTX or using HMMER against PFAM were translated into six frames
and all ORFs consisting of 100 or more amino acids were extracted. If no ORF had
a length of 100 or more amino acids, we took the longest ORF (Figure 5, step 3). All
sequences which seemed to be TRNA were identified using a BLASTN against a
database of eukaryotic rRNAs. These sequences were subtracted from translated
sequences (Figure 5, step 5). Finally sequences resulting in a hit in BLASTX and
PFAM search (Figure 5, steps 1 and 2) were merged (Figure 5, step 6).

2.1.3. CLANS clustering

The program CLANS performed an all-against-all pairwise sequence comparison
using TBLASTX. Afterwards, all similar proteins were clustered in 3D applying the
cluster analysis of sequences (CLANS) method (Frickey and Lupas 2004) with a
cut-off E-value of 0.001. The program calculates pairwise attraction values based on
the HSP P-values obtained from the BLAST-run. Finally, the clusters were identified
using convex clustering and NJ-trees with standard parameters.

16
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Nucleotid sequences

@ BLASTX @
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or longest ORF

Substracting @
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of
BLASTX/PFAM hits

v

Translated sequences

Figure 5.: Annotation pipeline. The flowchart depicts the steps of the annota-
tion method. The cleaned EST sequences were scanned for known proteins
using BLASTX against UniProtKB/SwissProt-, UniProtKB/TrEMBL- and non-
redundant protein database (NRdb) from NCBI (step 1). In parallel they were
translated into all six reading frames using VIRTUAL R1BosoME followed
by a HMMER search against PFAM (step 2). The ORFs of hits against the
databases were extracted (step 4). All remaining sequences which had no result
in the database search were translated into all ORFs with a minimum length
of 100aa or the longest ORF if no ORF extends the 100aa. Afterwards, the
nucleotide sequences were scanned for rRNA and sequences which gave hits
were subtracted from the sequence set (step 5). The last step was the merging
of all ORFs (step 6). Image taken from Forster et al. (2009).
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2.1.4. InParanoid clustering

After all-against-all pairwise sequence comparisons between the EST sets of M.
tardigradum and H. dujardini using TBLASTX, the results of this comparison were
imported into INPARANOID (Remm et al. 2001) for prediction of orthologs. As the
EST sets cover a substantial fraction of the encoded proteins but do not yet represent
the whole protein set of the compared tardigrades, we called the orthologs given by
INPARANOID shared candidate orthologous sequences (SCOSs) and the remaining
sequences candidate single sequence ESTs.

2.1.5. Identification of regulatory elements

The ESTs of H. dujardini and M. tardigradum were systematically screened using
the software UTRscaN (Grillo et al. 2010). This software screens 30 regulatory
elements for RNA regulation with a focus on the 3’ untranslated region (UTR)
elements and stability of messenger ribonucleic acid (mRNA). The default settings
for batch mode were used and all reported elements were collected.

2.1.6. ITS2 work-flow description

The ITS2 work-flow is described by Schultz and Wolf (2009) and consists of the
following steps: HMM annotation, secondary-structure prediction, homology mod-
elling, sequence-structure alignments, analysis of CBCs and finally the distinction
of species.

HMM annotation of the ITS2 The HMM annotation was performed according
to Keller et al. (2009). I used the HMMs for metazoan 5.85 and 28S. The suggested
e-value threshold of 0.001 was used.

Secondary-structure prediction For the secondary-structure prediction I calculated
the secondary structure for all tardigrade ITS2s using the software RNAsTRUC-
TURE 3.46 (Mathews et al. 2004). RNASTRUCTURE implements a free energy
minimisation algorithm and therefore calculate the secondary structure with the
lowest free energy. The structure of P. ‘richtersi group 2" was chosen as template for
the homology modelling.

Homology modelling The homology modelling (Wolf et al. 2005) was used to
transfer the structure of P. ‘richtersi group 2’ to all other tardigrade ITSzs. It is based
on semi-global alignments with the software NEEDLE and was completely rewritten
by myself during our redesign of the ITS2 database. If not stated otherwise in the
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publication a threshold of 75 % was used for the helix transfer. For Schill et al. (2010)
we used 66 %.

Sequence-structure alignments All obtained sequence-structure pairs were multi-
ple aligned with 4SALE (Seibel et al. 2006). The algorithm is based on the translation
of sequence-structure pairs into pseudoproteins following the multiple alignment of
the pseudoproteins with CLusTALW (Thompson et al. 1994) and the retranslation
into sequence-structure pairs.

Tree reconstruction and CBC-analysis The CBC analysis was done with 4SALE
using the obtained multiple sequence-structure alignment as input. Therefore,
all possible sequence-structure pairs were scanned against each other for CBCs.
The resulting CBC matrix was used to distinguish between species on appearance
of a CBC with an accuracy of 93 % (Miiller et al. 2007). Also a CBC tree was
reconstructed with CBCANALYZER (Wolf et al. 2005). Additionally, I reconstructed
a neighbour-joining tree with PROFD1sTS (Wolf et al. 2008).

2.1.7. ITS2 database generation

The ITS2 database was completely redesigned and new features were added to the
pipeline process, e.g. HMM annotation. Therefore, it was necessary to create new
generation scripts which also allow automated updates at regular intervals.

The pipeline consists of the following steps: Retrieval of all NCBI sequences which
match to a search string which is specific for the ITS2, a rescan of Genbank using the
HMM annotation and a merge of all obtained sequences. Afterwards, the sequences
which are annotated with a start and end are folded by UNAFfoLDb (Markham and
Zuker 2005, 2008). The following iterative step tries to obtain homology modelled
structures. All sequence-structure pair which were generated by the last step or the
last iteration are used as input. The loop iterates as long as new sequence-structure
pairs can be obtained.

The last step searches through the remaining sequences using BLASTN, followed
by a homology modelling step to get additional partial sequence-structure pairs.
All sequence-structure pairs are stored in a POSTGRES database in our department
and are publicly available via the web interface of the ITS2 database.

2.1.8. Simulation of ITS2 evolution

We simulated 600,000 sequence-structure pairs using SISSI vo.98 (Gesell and
Haeseler 2006). The secondary structures were included in the simulation process
of coevolution by application of two separate substitution models. Therefore it
was necessary to estimate substitution models for the non-paired and the paired
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nucleotides of the ITS2. For the unpaired nucleotides we used a 4 x 4 generalised
time reversible (GTR) substitution model. For the paired nucleotides a 16 x 16 GTR
was used. Both GTRs were estimated by a manually verified alignment based on 500
individual ITS2 sequences and structures with a variant of the method described by
Miiller and Vingron (2000).

2.1.9. Reconstruction of LEA and DnaJ protein trees

The proteins for the reconstruction of the trees for late embryogenesis abundant
(LEA) and DnaJ proteins was done using the PHYLIP version 3.68 package (Felsen-
stein 2005). First, the hits for the corresponding PFAM domains were extracted from
the protein sequences, next they were multiple aligned with CLUsTALW and finally
the tree was calculated using the programs SEQBOOT, PROTDIST and NEIGHBOR
from the pHYLIP package.

2.2. Biochemical methods

The extraction of the genomic desoxyribonucleic acid (gDNA) from cultured cells
of Ankyra judayi, Atractomorpha porcata and Sphaeroplea annulina was done using
Dynabeads® (DNA DIRECT Universal, Dynal Biotech, Oslo, Norway) according
to the manufacturer’s protocol. Polymerase chain reaction (PCR) reactions were
performed in a 50 pL reaction volume containing 25 pnL FastStart PCR Master (Roche
Applied Science), 5 uL gDNA and 300nM of each primer ITS3 (5'-GCA TCG ATG AAG
AAC GCA GC-3') and ITS4 (5'-TCC TCC GCT TAT TGA TAT GC-3') designed by White
et al. (1990).

Cycling conditions for amplification consisted of 94 °C for 10min, 30 cycles of
94 °C for 30s, 50 °C for 30s and 72 °C for 45s, followed by a final extension step of
10omin at 72 °C. PCR products were analysed by 3 % TBE agarose gel electrophoresis
and ethidium bromide staining.

PCR probes were purified with the PCR Purificaton Kit (Qiagen) according to
the manufacturer’s protocol. Afterwards, the probes were quantified by spectrom-
etry. Each sequencing probe was prepared in an 8 uL volume containing 20ng
desoxyribonucleic acid (DNA) and 1.25 pM primer. Sequencing was carried out us-
ing an annealing temperature of 50 °C with the sequencer Applied Biosystems QST
3130 Genetic Analyzer by the Institute of Hygiene and Microbiology (Wiirzburg,
Germany).
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Abstract

Background: Tardigrades represent an animal phylum with extraordinary resistance to
environmental stress.

Results: To gain insights into their stress-specific adaptation potential, major clusters of related
and similar proteins are identified, as well as specific functional clusters delineated comparing all
tardigrades and individual species (Milnesium tardigradum, Hypsibius dujardini, Echiniscus testudo,
Tulinus stephaniae, Richtersius coronifer) and functional elements in tardigrade mRNAs are analysed.
We find that 39.3% of the total sequences clustered in 58 clusters of more than 20 proteins. Among
these are ten tardigrade specific as well as a number of stress-specific protein clusters. Tardigrade-
specific functional adaptations include strong protein, DNA- and redox protection, maintenance
and protein recycling. Specific regulatory elements regulate tardigrade mRNA stability such as lox
P DICE elements whereas |4 other RNA elements of higher eukaryotes are not found. Further
features of tardigrade specific adaption are rapidly identified by sequence and/or pattern search on
the web-tool tardigrade analyzer http://waterbear.bioapps.biozentrum.uni-wuerzburg.de. The
work-bench offers nucleotide pattern analysis for promotor and regulatory element detection
(tardigrade specific; nrdb) as well as rapid COG search for function assignments including species-
specific repositories of all analysed data.

Conclusion: Different protein clusters and regulatory elements implicated in tardigrade stress
adaptations are analysed including unpublished tardigrade sequences.

Page 1 of 10

(page number not for citation purposes)



BMC Genomics 2009, 10:469

Background

Tardigrades are small metazoans resembling microscopic
bears ("water-bears”, 0.05 mm to 1.5 mm in size) and live
in marine, freshwater and terrestrial environments, espe-
cially in lichens and mosses [1-3]. They are a phylum of
multi-cellular animals capable of reversible suspension of
their metabolism and entering a state of cryptobiosis
[4,5]. A dehydrated tardigrade, known as anhydrobiotic
tun-stage [6,7], can survive for years without water. More-
over, the tun is resistant to extreme pressures and temper-
atures (low/high), as well as radiation and vaccuum |[8-
13].

Well known species include Hypsibius dujardini which is
an obligatory parthenogenetic species [14]. The tardigrade
H. dujardini can be cultured continuously for decades and
can be cryopreserved. It has a compact genome, a little
smaller than that of Caenorhabditis elegans or Drosophila
melanogaster, and the rate of protein evolution in H. dujar-
dini is similar to that of other metazoan taxa [15]. H.
dujardini has a short generation time, 13-14 days at room
temperature. Embryos of H. dujardini have a stereotyped
cleavage pattern with asymmetric cell divisions, nuclear
migrations, and cell migrations occurring in reproducible
patterns [15]. Molecular data are sparse but include the
purinergic receptor occuring in H. dujardini [16].

Milnesium tardigradum is an abundant and ubiquitous ter-
restrial tardigrade species in Europe and possibly world-
wide [17]. It has wunique anatomy and motion
characteristics compared to other water bears. Most water
bears prefer vegetarian food, M. tardigradum is more car-
nivorous, feeding on rotifers and nematodes. The animals
are really tough and long-living, one of the reasons why
M. tardigradum is one of the best-studied species so far.

Questions of general interest are: How related are tardi-
grade proteins to each other? Which protein families pro-
vide tardigrade-specific adaptations? Which regulatory
elements influence the mRNA stability? Starting from all
published tardigrade sequences as well as 607 unpub-
lished new sequences from Milnesium tardigradum, we
analyse tardigrade specific clusters of related proteins,
functional protein clusters and conserved regulatory ele-
ments in mRNA mainly involved in mRNA stability. The
different clusters and identified motifs are analysed and
discussed, all data are also available as a first anchor to
study specific adaptations of tardigrades in more detail
(Tardigrade workbench). Furthermore, the tardigrade
analyzer, a sequence server to analyse individual tardi-
grade specific sequences, is made available. It will be reg-
ularly updated to include new tardigrade sequences. It has
a number of new features for tardigrade analysis not avail-
able from standard servers such as the NIH Entrez system
[18]: several new species-specific searches (Echiniscus tes-

http://www.biomedcentral.com/1471-2164/10/469

tudo, Tulinus stephaniae), additional new sequence infor-
mation (M. tardigradum) and pattern-searches for
nucleotide sequences (including pattern search on non-
redundant protein database, NRDB). An easy search for
clusters of orthologous groups (COG, [19]) different from
the COGnitor tool [20] allowing tardigrade specific COG
and eukaryotic COG (KOG) searches is also available.

Furthermore, a batch mode allows a rapid analysis of up
to 100 sequences simultaneously when uploaded in a file
in FASTA format (for tardigrade species or NRDB).

Two fifths of the tardigrade sequences cluster in longer
protein families, and we hypothesise for a number of
these that they are implicated in the unique stress adapta-
tion potential of tardigrades. We find also ten tardigrade
specific clusters. The unique tardigrade adaptions are fur-
thermore indicated by a number of functional COGs and
KOGs identified here, showing a particular emphasis on
the protection of proteins and DNA. RNA read out is spe-
cifically regulated by several motifs for mRNA stability
clearly overrepresented in tardigrades.

Results and Discussion

We analysed all publicly available tardigrade sequences
(status 9t of April 2009) as well as 607 unpublished M.
tardigradum sequences from our ongoing transcriptome
analysis.

Major tardigrade protein clusters of related sequence-
similar proteins

All available tardigrade sequences were clustered by the
CLANS algorithm [21]. Interestingly, 39.3 % of the pre-
dicted proteins (mainly EST-based predictions) cluster in
just 58 major families, each with at least 20 sequences [see
additional file 1: Table S1]. These include 4,242 EST
sequences from a total of 10,787.

Using these clusters, a number of tardigrade-specific adap-
tations become apparent (Table 1 [and additional file 1:
Table S1]): the clusters include elongation factors (cluster
12), ribosomal RNAs and proteins (cluster 1, 4, 32 and
56) which are part of the transcriptional or translational
machinery. Cluster 5 (chitinase binding domain [22])
could provide membrane and structural reorganization or
immune protection (e.g. fungi) according to homologous
protein sequences characterized in other organisms.
Other clusters show protein families related to the tardi-
grade stress adaptation potential, e.g. ubiquitin-related
proteins (cluster 14; maybe stress-induced protein degra-
dation) and cytochrome oxidase-related proteins (cluster
2, suggested to be involved in respiratory chain).

Moreover, proteins responsible for protein degradation

(cluster 15) were found as well as proteins regulating
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Table I: CLANS clusters of sequence similar proteins in published tardigrade sequences!'

Number/color Cluster description

Sequences/percentage

2 Cytochrome c oxidase like (subunit |, EC 1.9.3.1) 425 (3.94%)
3 Uncharacterized protein U88/Glycosyltransferase 8 family 302 (2.80%)
5 Proteins containing a Chitin binding domain 191 (1.77%)
6 Proteins containing an IBR/Neuroparsin/DUF1096 domain 189 (1.75%)
7 Fatty-acid binding protein (FABP) family 127 (1.18%)
8 TSP2 (remote homology to Sericin 1) 126 (1.17%)
9 Proteins containing a RNA polymerase Rpb3/Rpb| | dimerisation domain 92 (0.85%)
10 Metallothionein superfamily (Type |5 family./Thioredoxin like) 84 (0.78%)
12 GTP-binding elongation factor family. EF-Tu/EF-1A sub- family 79 (0.72%)
13 GST superfamily. Sigma family 78 (0.70%)
14 Ubiquitin family 75 (0.69%)
15 Cathepsin family (EC 3.4.22.-) 74 (0.67%)
16 Carboxypeptidase A inhibitor like 72 (0.64%)
17 Trichohyalin/Translation initiation factor like 69 (0.60%)
18 INZ 65 (0.57%)
19 TSP2 61 (0.56%)
20 RNA/DNA-binding proteins 60 (0.55%)
23 Small Heat Shock Protein (HSP20) family 53 (0.47%)
24 Diapause-specific proteins 51 (0.44%)
38 LEA type | family proteins 31 (0.28%)

I Shown are the number of proteins found for the specified cluster, their percentages and the corresponding cluster number in Figure 1. The full
Table with all clusters and their color code matching to Figure | is given in [additional file |: Table SI]. Clusters |, 4 and || contain rRNA and are

given in [additional file 1].
2 Tardigrade specific protein cluster

peptidases (cluster 16). Cluster 23 consists of 53 heat
shock proteins which are involved in many stress response
reactions [23]. Few diapause specific proteins (cluster 24)
are known from other animals. Diapause is a reversible
state of developmental suspension. It is observed in
diverse taxa, from plants to animals, including marsupials
and some other mammals [24] as well as insects (associ-
ated molecular function varies but involves calcium chan-
nel inhibition [25]) and should here support the tun
formation or regulate other (e.g. developmental) meta-
bolic inactive states. Furthermore, proteins involved in
storage or transportation of fatty acids also seem to be
important (cluster 31, [26]). Late embryogenesis abun-
dant (LEA) protein expression seems to be linked to des-
iccation stress and the acquisition of desiccation tolerance
in organisms [27] e.g. nematodes [28,29] and rotifers
[30]. Thirty-one LEA type 1 family proteins were found in
cluster 38.

LEA proteins are wide-spread among plants and synthe-
sized in response to certain stresses [31,32]. The LEA type
1 family is well known in higher plants (rice, maize, car-
rots) to be synthesized during late embryogenesis and in
ABA stress response. It includes desiccation-related pro-
tein PCC3-06 of Cratersostigma plantagineum. LEA type 1
family occurs in bacteria (e.g. Haemophilus influenzae, Dei-

nococcus radiodurans), but is atypical for animals. How-
ever, this is an animal example where LEA family type 1 is
well represented and forms a full cluster.

Moreover, ten clusters (8, 18, 19, 30, 33, 35, 37, 42, 51,
55) consist of proteins which seem to be specific for tardi-
grades. These show no significant homology to known
proteins.

Functional clusters of stress-specific adaptations presentin
tardigrades

To gain a systematic overview of involved tardigrade func-
tions, all available tardigrade sequences were classified
species-specific according to COG functional category
[19,20] as well as according to COG number and molecu-
lar function encoded. Note that in this section "protein"
implies one type of protein. A COG or KOG comprises
often several sequences from different tardigrades.
Prokaryotic (COG) and eukaryotic (KOG) gene clusters
were compared (Table 2; details on the WEB http://water
bear.bioapps.biozentrum.uni-wuerzburg.de/). Again, sev-
eral tardigrade-specific adaptations stand out, e.g. highly
represented COGs regulate translation elongation factor
and sulfate adenylate transferase and a strong ubiquitin
system. There are many cysteine proteases (21 proteins).
For redox protection there are 14 thioredoxin-domain
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Table 2: Highly represented protein functions in Tardigrades
(COGs and KOGs).

Information from COG clusters':
Information storage and processing
75 Translation elongation factor EF-1 (COG5256)
64 GTPases - translation elongation (COGO0050)
58 Peptide chain release factor RF-3 (COG4108)
Cellular processes and signaling
31 Ubiquitin (COG5272)
25 Membrane GTPase LepA (COG0481)
2| Cysteine protease (COG4870)
Metabolism
75 Heme/copper-type cytochrome/quinol oxidases (COG0843)
67 GTPases - Sulfate adenylate transferase (COG2895)
Poorly characterized
I'1 Dehydrogenases with different specificities (COG1028)
I'l Uncharacterized homolog of Blt10] (COGO0401)

Information from KOG clusters':
Information storage and processing

77 Translation elongation factor EF-1 (KOG0052)

71 Polypeptide release factor 3 (KOG0459)

70 Elongation factor | alpha (KOGO0458)

53 Mitochondrial translation elongation factor Tu (KOG0460)
Cellular processes and signaling

52 Glutathione S-transferase (KOGI695)

46 Cysteine proteinase Cathepsin L (KOG1543)

34 Apolipoprotein D/Lipocalin (KOG4824)

31 Cysteine proteinase Cathepsin F (KOG1542)
Metabolism

78 Cytochrome c oxidase (KOG4769)

74 Fatty acid-binding protein FABP (KOG4015)
Poorly characterized

31 Ubiquitin and ubiquitin-like proteins (KOGO00O0I)

16 GTPase Rab 18, small G protein superfamily (KOG0080)

15 Ras-related GTPase (KOG0394)

15 GTPase Rab21, small G protein superfamily (KOG0088)

| Detailed data and all COG/KOG numbers are given on the WEB
page http://waterbear.bioapps.biozentrum.uni-wuerzburg.de/cgi-bin/
cog stat.pl. Summarized here are the functions of those clusters of
orthologous groups (COGs) occurring particularly often or
suggesting tardigrade specific adaptations.

containing proteins and 75 Heme/copper-type cyto-
chrome/quinol-like proteins as well as ubiquinone oxi-
doreductase subunits (15 proteins). There are ten proteins
involved in seleno-cysteine specific translation [33,34]. In
eukaryotes, selenoproteins show a mosaic occurrence,
with some organisms, such as vertebrates and algae, but
notably also tardigrades, having dozens of these proteins,
while other organisms, such as higher plants and fungi,
having lost all selenoproteins during evolution [34].
Membrane GTPases (25 proteins) are often of Lep A
(leader peptidase [35]) type in tardigrades. In general,
members of the GTPase superfamily regulate membrane
signaling pathways in all cells. However, LepA, as well as
NodO, are prokaryotic-type GTPases very similar to pro-
tein synthesis elongation factors but apparently have

http://www.biomedcentral.com/1471-2164/10/469

membrane-related functions [35]. It is interesting to
observe this prokaryotic-type GTPase in tardigrades. We
suggest that it will have similar function as known in
other organisms and thus ensure protein translation
(elongation factor) coupled to membrane integrity and
possibly cytoskeletal rearrangement which would again
boost the tardigrade resistance to stress.

The KOGs show similar highly represented families and
adaptations. Abberant proteins are rapidly recognized by
ubiquitination-like proteins (220 proteins) and ubiqui-
tin-ligase related enzymes (71 proteins) as well as protea-
some regulatory subunits (85 proteins). For protein
protection and refolding disulfide isomerases (26 pro-
teins) and cyclophilin type peptidyl-prolyl cis-trans iso-
merases (43 proteins; KOG 0879-0885) are available.
Connected to redox protection are also thirty AAA+type
ATPases and three peroxisome assembly factor 2 contain-
ing proteins (KOG0736). This broad effort in protein pro-
tection is further supported by molecular chaperones
(HSP70, mortalins and other; total of 50 proteins) and
chaperonin complex components (32 proteins;
KOGO0356-0364). There are six superoxide dismutases
and six copper chaperons for thioredoxins (37 proteins),
glutaredoxin-like proteins (nine) and ten thiodisulfide
isomerases as well as 52 glutathione-S-transferases. We
found 22 hits to helicases. Tardigrade DNA protection is
represented by 52 proteins of the molecular chaperone
DNA ] family: proteins of the DNA ] family are classified
into 3 types according to their structural domain decom-
position. Type I ] proteins compose of the ] domain, a gly-
rich region connecting the J domain and a zinc finger
domain, and possibly a C-terminal domain. Type II lacks
the Zn-finger domain and type III only contains the ]
domain [36,37]. The latter two are referred to as DnaJ-like
proteins. Analysis of the domains present in tardigrade
proteins by SMART [38] and Pfam [39] searches reveals
only the ] domain and in some cases a transmembrane
region, identifying them as type Il DnajJ-like proteins. For
further information on these COGs/KOGs see Table 3.

Moreover, undesired proteins can be rapidly degraded by
cathepsin F-like proteins (31 proteins) or L-like proteins
(46 proteins). There are several calcium-dependent pro-
tein kinases (25 proteins; KOG0032-0034) and actin-
bundling proteins. According to this observation calcium
signaling should be implicated in adaptive rearrangement
of the cytoskeleton during tardigrade rehydration. The
cytoskeleton is a key element in the organisation of
eukaryotic cells. It has been described in the literature that
the properties of actin are modulated by small heat-shock
proteins including a direct actin-small heat-shock protein
interaction to inhibit actin polymerization to protect the
cytoskeleton [40,41] (compare with the CLANS cluster 24
(Diapause proteins) found in the above analysis).
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Table 3: Identified Dna)-family COGs/KOGs in Tardigrades and Milnesium tardigradum’.

KOG/COG number COG distribution COG name

present in
Tardigrades M. tardigradum*

COG0484 DnaJ-class molecular chaperone with C-terminal Zn finger 5

domain
COG2214 DnaJ-class molecular chaperone 8
KOGO0550 A-DH-P- Molecular chaperone (Dna) superfamily) 3 2
KOGO0691 ACDHYP- Molecular chaperone (DnaJ su perfamily) 7 2
KOGO0712 ACDHYPE Molecular chaperone (DnaJ su perfamily) 8 2
KOGO0713 ACDH- - - Molecular chaperone (DnaJ su perfamily) 5 |

IShown are the number of proteins found for the specified COG/KOG number, the KOG distribution of the KOG in different eukaryotic species

(see abbreviations) and the COG/KOG annotation.

Abbreviations: A Arabidopsis thaliana, C Caenorhabditis elegans, D Drosophila melanogaster, H Homo sapiens, Y Saccharomyces cerevisiae, P
Schizosaccharomyces pombe, E Encephalitozoon cuniculi. *These include specific unpublished data from ongoing work on M. tardigradum

Translation in tardigrades includes polypeptide release
factors (71 proteins) and proteins for translation elonga-
tion (77 proteins). There are about 80 GTP-binding ADP-
ribosylation factors. The secretion system and Rab/Ras
GTPases are fully represented (183 proteins). Seventeen
tubulin anchor proteins show that the cytoskeleton is well
maintained. Finally, we find 14 TNF-associated factors
and 34 apolipoprotein D/lipocalin proteins.

Typical motifs in tardigrade mRNAs

The regulatory motif search showed a number of known
regulatory RNA elements involved in tardigrade mRNA
regulation (Table 4 for H. dujardini and M. tardigradum).
Certainly it can not be formally ruled out that some of
these elements work in a tardigrade modified way. Simi-
larly, there are probably further patterns which are tardi-
grade specific, but not detected with the UTRscan software
[42] applied for analysis.

Table 4: Regulatory elements in Hypsibius dujardini' and
Milnesium tardigradum? mRNA sequences.

Motiv Hypsibius dujardini  Milnesium tardigradum
15-LOX-DICE 1528 (1269)3 46 (45)3
ADH DRE 60 (58)3 1(1)3
BRE I(1)3 --
Brd-Box 152 (149)3 28 (22)3
CPE 21 (21)3 15 (15)3
Elastin G3A I (1)3 --
GLUTI 1(1)3 --
GY-Box 406 (372)3 21 (21)3
IRE 1(1)3 --

IRES 1353 (1353)3 90 (90)3
K-Box 469 (447)3 35 (33)3
SECIS-1| I (1)3 --
SECIS-2 6 (6)3 --

TGE 5(5)3 1(1)3
TOP 50 (50)3 1(1)3

'We considered 5,378 ESTs in H. dujardini. 2 We considered 607 ESTs
in M. tardigradum. 3 The number of hits is followed by the number of
mRNAs with this hit in brackets to indicate multiple hits.

The RNA elements found include the lox-P DICE element
[43] in H. dujardini as top hit with as many as 1,269 ESTs
(23.6% of all H. dujardini EST sequences). The cytidine-
rich 15-lipoxygenase differentiation control element (15-
LOX DICE, [44]) binds KH domain proteins of the type
hnRNP E and K (stronger in multiple copies), mediating
mRNA stabilization and translational control [43].

Furthermore, a high number of mRNAs contains K-Boxes
(cUGUGAUa, [45]) and brd Boxes (AGCUUUR, [46]). All
these elements are involved in mRNA storage and mRNA
stability. These two elements are potential targets for miR-
NAs as shown in Drosophila melanogaster [47].

However, in the two tardigrade species compared, only 16
of 30 well known RNA elements are found, suggesting a
clear bias in tardigrade mRNA regulation. For example,
the widely used AU rich elements in higher organisms
[42] such as vertebrates are absent in tardigrades [see addi-
tional file 1].

Regulatory elements in tardigrade mRNA are probably
important for their adaptation, in particular to support
transformation to tun stage and back to active stage again.
The list of RNA elements found can be compared for
instance to our data on regulatory elements in human
anucleate platelets [48] where mRNAs have to be stock-
piled for the whole life of the platelet. Due to this compar-
atively long life, a long mRNA untranslated region is
important in these cells. The same should apply to tardi-
grade mRNAs, since their average UTR is predicted to be
long. A different stock-piling scenario occurs in unferti-
lized eggs, but due to developmental constraints, here
localization signals are often in addition important for
developmental gradients. We tested for these in tardi-
grades but did not find a high representation of localiza-
tion motifs.
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Web-tool tardigrade analyzer

We created a convenient platform to allow rapid sequence
comparisons of new protein sequences, in particular from
new sequencing efforts in tardigrades, to our database by
applying rapid heuristic local alignment using BLAST [49]
and allowing to search in selected species.

A batch mode allows the analysis of up to 100 sequences
simultaneously when uploaded in a file in FASTA format.
Output data are displayed according to an enhanced
BLAST output format with graphical illustrations. Low
expected E-values result for searches using the option of
our tardigrade specific databases: a more specific smaller
database reduces the probability of false positives. As an
alternative for general sequence analysis, a search against
the non-redundant database of GenBank can be per-
formed. This takes more computational power and yields
higher E-values, however, it identifies functions for most
sequences. An additional useful feature is to scan all avail-
able data for peptide motifs or PROSITE signatures using
a "pattern" module [additional file 1: Fig. S1] or assign
potential functions by COGs [19]. The first is helpful to
recognize tardigrade proteins in cases where the tardi-
grade sequence has diverged far, and only critical residues
for function are still conserved as motif signatures. It can
also be applied to search for regulatory RNA motifs such
as polyadenylation sites (e.g. AAUAAA or AAUUAA) or rec-
ognize promotor modules such as the glucocorticoid
receptor element (GRE; palindromic pattern: AGAA
CAnnnTGTTCT). For this purpose, both, the tardigrade
sequences and the non redundant database can be
searched (e.g. to look for stress-specific regulatory RNA
elements; [additional file 1, Fig. S2]).

Interestingly, this nucleotide (RNA or DNA) specific
option is not available on some common servers, e.g. the
PHI-BLAST [50] server at NIH. Further options include a
user-defined database [additional file 1: Fig. S3] and inter-
actively animated stress clusters (Figure 1).

The tool http://waterbear.bioapps.biozentrum.uni-
wuerzburg.de/ allows rapid searches for tardigrade spe-
cific sequences, e.g. molecular adaptations against stress
[see additional file 1 for screenshots and a tutorial|. For
instance, a search for trehalase sequences shows no treha-
lase mRNA in the H. dujardini sequences. In contrast, there
are several heat shock proteins in tardigrades, an example
is HSP90 proteins (identified by sequence similarity as
well as by a pattern hit based approach using the PROSITE
entry PS00298 with the signature Y-x- [NQHD] -
[KHR] - [DE]- [IVA]-F- [LM]-R- [ED];Table5).
Specific COGs are also rapidly assigned for any desired
sequence. This includes the option to map the query
sequence of interest to any of the known tardigrade spe-
cific COGs. Furthermore, nucleotide patterns such as

http://www.biomedcentral.com/1471-2164/10/469

Figure |

Functional clusters by CLANS of sequence related
proteins in tardigrades. All available [see additional file I:
Figure S5] tardigrade protein sequences were clustered in a
3D sphere according to their sequence distance and were
projected to the paper plane. Individual protein functions are
colored [for color code see additional file I: Table S1] and all
listed in Table I. Functional clusters appear as patches of an
individual color. Color code and clusters can be interactively
examined at the Tardigrade workbench http://waterbear.bio-
apps.biozentrum.uni-wuerzburg.de and are given in [addi-
tional file | Table SI]. figurel.pdf

mRNA polyadenylation sites are rapidly identified e.g. in
H. dujardini mRNAs [additional file 1: Fig. S4]. Similarly,
other mRNA 3'UTR elements can be identified, e.g. AU
rich sequences mediating mRNA instability or regulatory
K-boxes (motif cUGUGAUa, [45]) in tardigrades.

Implications

Tardigrades show a surprising large amount of related
sequences. Certainly, one has to correct for a few genes
sequenced from many lineages for phylogenetic studies in
tardigrades (cytochrome ¢, TRNA etc.) However, despite
this, a number of tardigrade-specific clusters still remain.
Furthermore, Table 1 shows that most of the annotated
clusters are stress-related.

Looking at specific protein functions, both COG and KOG
proteins show that tardigrades spend an extraordinary
effort in protein protection, turnover and recycling as well
as redox protection. Some other specific adaptations
become apparent also from Table 2, but the complete
extent of these adaptations is unclear given the limited
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Table 5: HSP90 proteins identified in Hypsibius dujardini using the Tardigrade analyzer!.

Hit Predicted function/name (Tardigrade analyzer) Pattern matched Start End
position

gi:37213462 hsp902 YSNKEIFLRE 68 77

gi:37213713 hsp902 YSNKEIFLRE 70 79

IThese are hits using the pattern hit option and the heat shock protein PROSITE entry PS00298 for pattern generation and recognition. The pattern

has the signature of Y-x- [NQHD] - [KHR]- [DE]- [IVA]-F-

Swissprot

sampling of available tardigrade sequences. Furthermore,
protection of DNA is critical as it has been shown that tar-
digrade tuns accumulate DNA damage which first has to
be repaired before resurrection occurs [51,52]. Taking this
into consideration, DNA ] proteins were investigated in
more detail since proteins of this family are well repre-
sented in tardigrades, including several COGs and KOGs.
Several data underline the extremely high resistance of tar-
digrades to temperature, pressure and radiation as well as
a high repair potential regarding DNA [11,51]. Thus, we
suggest that the high repair potential is also mediated by
this well represented protein family. Phylogenetic analysis
(Table 3) shows that these proteins are represented by sev-
eral KOGs as well as the classic COGs in tardigrades. In
particular, the first three KOG families are also used in M.
tardigradum, where extreme stress tolerance requires
strong repair mechanisms [17]. Furthermore, all these tar-
digrade proteins in Table 3 are small, having neither zinc-
finger domains nor low complexity regions, but instead
consisting of single DNA J domains which would always
place them in type I (subfamily A) of DNA-J like proteins.
This suggests that the direct interaction with DNA-J like
proteins is the key molecular function.

Finally, we could show that there are 16 regulatory ele-
ments used in tardigrade mRNA, while a number of other
elements known from higher eukaryotic organisms and
vertebrates is not used. It is interesting to note that the ele-
ments often used in tardigrades are all involved in regula-
tion of mRNA stability. Thus, they may be implicated in
stage switching, as presumably in the initial phases of the
tun awakening or tun formation, new supply of mRNA is
turned off and instead regulation of synthesized mRNA
becomes important.

In addition, and for further research we supply the web
tool tardigrade analyzer. There are a number of alternative
tools available, e.g. from NCBI http://www.ncbi.nlm.
nih.gov/. However, we offer some species-specific
searches not available from these sources as well as RNA
and promotor pattern search (not only for tardigrades but
also for NRDB; not available from NIH). Furthermore,
there are functional COG prediction as well as new,
unpublished tardigrade sequences from M. tardigradum,

[LM] -R- [ED]. 2Predicted similarity to Q7PT10 (HSP83 ANOGA) from

all above reported data including the reported sequences
and detailed functional clusterings as well as regular server
updates. A better understanding of the survival mecha-
nisms in these organisms will lead to the development of
new methods in several areas of biotechnology. For exam-
ple, preservation of biological materials in situ, macromol-
ecules and cells from non-adapted organisms [53]. This is,
of course, only a first and very general overview on poten-
tial tardigrade specific adaptations, more species-specific
data will be considered as more information becomes
available.

Conclusion

Tardigrade genomes invest in stress-specific adaptations,
this includes major sequence related protein clusters,
functional clusters for stress as well as specific regulatory
elements in mRNA. For further tardigrade genome analy-
sis we offer the tardigrade workbench as a flexible tool for
rapid and efficient analysis of sequence similarity, protein
function and clusters, COG membership and regulatory
elements.

Methods

Tardigrade-sequences

The cosmopolitan eutardigrade species M. tardigradum
Doyére 1849 (Apochela, Milnesidae) was cultured. Tardi-
grades were kept and reared on petri dishes (diameter: 9.4
cm) filled with a small layer of agarose (3 %) (peqGOLD
Universal Agarose, peqLAB, Erlangen, Germany) and cov-
ered with spring water (Volvic™ water, Danone Waters
Deutschland, Wiesbaden, Germany) at 20 + 2°C and a
light/dark cycle of 12 h. Rotifers Philodina citrina and nem-
atodes Panagrellus sp. were provided as food source, juve-
nile tardigrades were also fed with green algae
Chlorogonium elongatum. For all experiments adult animals
in good physical condition were taken directly from the
culture and starved for three days to avoid preparation of
additional RNA originating from not completely digested
food in the intestinal system. For an overview of RNAs
present both in active and tun stage we used a mixture of
the same number of animals.

Total RNA extraction was performed using the QIAGEN
RNeasy*Mini kit (Qiagen, Hilden, Germany). The cDNA
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synthesis was reversed transcribed using 1 ug total RNA by
the Creator™ SMART™ cDNA Library Construction Kit
(Clontech-Takara Bio Europe, France). The resulting
cDNA was amplified following the manufacturers proto-
col and cloned into pDNR-Lib cloning vector. The result-
ing plasmids were used to transform Escherichia coli by
electroporation. Sequencing of the cDNA-library was
done by ABI 3730XL capillary sequencer (GATC Biotech
AG, Konstanz, Germany). All obtained EST sequences
were deposited with Genbank including dbEST databank.

Nucleotide sequences from other tardigrades were col-
lected from Genbank. For H. dujardini, the best repre-
sented species, we composed 5,235 ESTs. We stored H.
dujardini as well as all published sequences of other tardi-
grade species (e.g. T. stephaniae, E. testudo, M. tardigradum,
R. coronifer) in a database (10,787 sequences including
translated sequences, details in [additional file 1], status
on April, 2009).

CLANS clustering

For a systematic overview on tardigrade specific adapta-
tions we first clustered all published tardigrade nucleotide
sequences into functional clusters (Figure 1) using the
Cluster analysis of sequences (CLANS) algorithm [21]. All
sequences were clustered in 3D space using 0.001 as an E-
value cut-off for TBLASTX all-against-all searches. [addi-
tional file 1: Fig. S4].

Identification of regulatory elements

For this the ESTs of H. dujardini and M. tardigradum were
systematically screened using the software UTRscan [42].
This software screens 30 regulatory elements for RNA reg-
ulation with a focus on 3' UTR elements and stability of
mRNA. The default settings for batch mode were used and
all reported elements were collected.

COG clustering and identification

In order to acquire a systematic overview of the function-
alities, we used the latest version of COG/KOG databases
ftp://ftp.ncbi.nih.gov/pub/COG and the BLAST hits from
both nucleotide search and protein search were clustered
according to their COG ID. Searches were carried out in
parallel on all the tardigrade species including M. tardigra-
dum, H. dujardini, E. testudo, T. stephaniae and R. coronifer.
The results are summarized in a table shown in the tardi-
grade analyzer, the background color from cold to warm
(blue to red) indicates the cluster size, which enables an
easy comparison. Moreover, users are allowed to click the
COG ID and the hit number. The server then reports the
corresponding sequence ID, description, conservation
and the homologous entries recorded in the database. The
server with its data is automatically updated bi-monthly
according to the latest tardigrade databases.

http://www.biomedcentral.com/1471-2164/10/469

Tardigrade workbench

The tardigrade workbench is implemented in Perl using
the Bioperl modules [54]. NCBI BLAST program of 2.2.17
is involved in the software package. A database of Post-
gresql 8.1.9 is applied to manage the tardigrade entries so
as to accelerate the searching queried by investigators. The
COG cluster information is automatically updated each
week and warehoused on the server. In addition, the run
of tardigrade workbench requires an Apache server, a
linux system of at least 2 GB memory is highly recom-
mended.
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Abstract

Background: The phenomenon of desiccation tolerance, also called anhydrobiosis, involves the ability of an
organism to survive the loss of almost all cellular water without sustaining irreversible damage. Although there are
several physiological, morphological and ecological studies on tardigrades, only limited DNA sequence information
is available. Therefore, we explored the transcriptome in the active and anhydrobiotic state of the tardigrade
Milnesium tardigradum which has extraordinary tolerance to desiccation and freezing. In this study, we present the
first overview of the transcriptome of M. tardigradum and its response to desiccation and discuss potential parallels
to stress responses in other organisms.

Results: We sequenced a total of 9984 expressed sequence tags (ESTs) from two cDNA libraries from the
eutardigrade M. tardigradum in its active and inactive, anhydrobiotic (tun) stage. Assembly of these ESTs resulted in
3283 putative unique transcripts, whereof ~50% showed significant sequence similarity to known genes. The
resulting unigenes were functionally annotated using the Gene Ontology (GO) vocabulary. A GO term enrichment
analysis revealed several GOs that were significantly underrepresented in the inactive stage. Furthermore we
compared the putative unigenes of M. tardigradum with ESTs from two other eutardigrade species that are
available from public sequence databases, namely Richtersius coronifer and Hypsibius dujardini. The processed
sequences of the three tardigrade species revealed similar functional content and the M. tardigradum dataset
contained additional sequences from tardigrades not present in the other two.

Conclusions: This study describes novel sequence data from the tardigrade M. tardigradum, which significantly
contributes to the available tardigrade sequence data and will help to establish this extraordinary tardigrade as a
model for studying anhydrobiosis. Functional comparison of active and anhydrobiotic tardigrades revealed a
differential distribution of Gene Ontology terms associated with chromatin structure and the translation machinery,
which are underrepresented in the inactive animals. These findings imply a widespread metabolic response of the
animals on dehydration. The collective tardigrade transcriptome data will serve as a reference for further studies
and support the identification and characterization of genes involved in the anhydrobiotic response.

Background

Desiccation tolerance or anhydrobiosis is the ability of
an organism to survive almost complete drying without
sustaining damage. Anhydrobiosis is observed in cer-
tain micro-organisms, plants and animals such as roti-
fers, brine shrimp cysts, tardigrades and insect larvae,
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Wildau, Bahnhofstral3e 1, 15745 Wildau, Germany

( ) BiolMed Central

as for example those of the Polypedilum vanderplanki
[1-3]. Studying the mechanisms of tolerance against
desiccation may lead to development of new methods
for preserving biological materials, which is of enor-
mous practical importance in industrial as well as in
medical fields [4]. In the dry state, the metabolism is
suspended and the duration that anhydrobiotic organ-
isms can survive ranges from years to centuries. Tardi-
grades are able to survive long periods of desiccation
[5-8]. The hitherto longest known observation of an

© 2010 Mali et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.
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extended lifespan of 20 years has been demonstrated in
the anhydrobiotic state of the species Echiniscus tes-
tudo Doyére 1840 [9]. Anhydrobiosis probably depends
on a series of complex morphological, physiological
and genetic adaptations that involve the stabilization of
macromolecular complexes. As a consequence, a num-
ber of components have been identified and appear to
be important for protecting these organisms from
desiccation damage. Among them are the highly
hydrophilic LEA proteins, which have been initially
described in plants but have been identified in several
invertebrates [10,11,2,12], as well as non-reducing dis-
accharides like trehalose [13-16]. We are studying
anhydrobiosis in the limno-terrestrial tardigrade Milne-
sium tardigradum Doyére 1840 which shows remark-
able resistance to adverse environmental conditions in
all stages of life [17] - even to extreme levels of ioniz-
ing radiation [18] and the vacuum of space in low
earth orbit [19]. M. tardigradum outperforms several
other tardigrade species in tolerance e.g. survival of
extreme temperatures above 100°C [20] as well as
freezing [21,22]. Similar anhydrobiotic resistance to
extreme environmental stress has been observed in
other animals such as bdelloid rotifers or chironomid
larvae [23,24] suggesting common mechanisms that
allow anhydrobiotic survival and conferring radiation
tolerance. The tardigrade phylum currently includes
more than 1000 species living in the sea, in fresh water
and on land. These last, needing at least a film of
water to be active, are called limno-terrestrial and
include most of the anhydrobiotic species [25]. They
have been studied for their fascinating ability to per-
form anhydrobiosis and consequently serve as a poten-
tial model for studying tolerance and survival of
multicellular organisms to a variety of extreme envir-
onmental conditions. Although there are several phy-
siological, morphological and ecological studies on
anhydrobiotic tardigrades [26-30], only limited DNA
sequence information from molecular phylogenetic stu-
dies is available [30-34]. However, some sequence
resources are only available from the species Hypsibius
dujardini Doyére 1840 [Daub et al. Unpublished data
2003] and Richtersius coronifer (Richters 1903) [35].
Studies of H. dujardini have been focused mainly on
developmental and evolutionary biology [36-38]. In
this study we generated 9984 ESTs of M. tardigradum
from active and inactive (anhydrobiotic/tun) stages,
thereby establishing M. tardigradum as a model for
anhydrobiosis research. These ESTs and the resulting
unigenes were functionally annotated using Gene
Ontology vocabulary. Furthermore, a cross-species
comparison between M. tardigradum, H. dujardini and
R. coronifer has been performed.
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Results and discussion

cDNA libraries and sequence datasets

We have generated two directionally cloned cDNA
libraries from active and inactive stages of M. tardigra-
dum and subjected them to single pass Sanger sequen-
cing. Furthermore we retrieved two EST datasets from
public sequence databases (see Table 1 and 2). The
datasets used in this study consisted of EST sequences
from, M. tardigradum active and inactive stages, H.
dujardini [Daub et al. Unpublished data 2003] and R.
coronifer [35] of which the latter two were retrieved
from NCBI (National Center for Biotechnology Informa-
tion) dbEST and the NCBI Trace Archive. The source
of all tardigrade samples consisted of whole adult ani-
mals except for the H. dujardini sample where adults
and juveniles had been pooled.

Analysis of the M. tardigradum cDNA library

As summarized in Table 1, a total of 9979 clones were
sequenced from the M. tardigradum library generated
from two stages, active and inactive, in order to obtain
various transcripts and to extract putative anhydrobiotic
candidate genes. Assembly of the ESTs allowed the
identification of 1997 and 1858 non-redundant
sequences for active and inactive stages, respectively.
The average unigene length was 579 nucleotides.
Homology search (BLASTX) using M. tardigradum uni-
genes against the NCBI database showed that nearly
50% of the ESTs had no corresponding entry in Gen-
Bank. All ESTs were deposited in GenBank (See acces-
sion numbers in the additional file 1). The three
available tardigade datasets were processed and com-
pared (Table 2, Figure 1) in order to get an overview of
the similarity and redundancy between our library and
the other two EST resources.

GO enrichment analysis of M. tardigradum ESTs
To study the functional differences between active and
inactive stages of M. tardigradum, we performed a GO

Table 1 Summary of the expressed sequence tag (EST)
analysis of the M. tardigradum stages (active and
inactive).

Description Active Inactive
Total number of raw sequences 4992 4987
Total number of quality ESTs 3617 3498
Number of contigs 466 431
Number of ESTs in contigs 2103 2106
Average clone per contig 4.5 4.8
Number of singletons 1540 1437
Total non-redundant sequences 1997 1858
Blast hits (%) 52.83 51.18
No blast hits (%) 47.17 4882
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Figure 1 Clustered heatmap of M. tardigradum TBLASTX relative bit score similarities against H. dujardini & R. coronifer. Top BLAST bit
scores are shown as color gradient corresponding to their value. The red trace was added for better visualization of similarity values. The asterisk
(*) marks sequences that could not be found in H. dujardini but are highly conserved between M. tardigradum and R. coronifer.
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enrichment analysis between the two datasets (Figure 2;
additional file 2). Studying functional differences give
insight into global mechanisms that are at work in the
desiccating animals. Comparing the datasets revealed
that 24 GO terms were significantly underrepresented in
the inactive stage. The underrepresented GO-terms
which were mapped to “nucleosome”, “nucleosome
assembly”, “chromatin assembly or disassembly” and
“chromatin assembly” (G0:0000786, GO:0006334,
G0:0006333, GO:0031497) consist exclusively of tran-
scripts coding for histones. The cellular component
(CC) subset of differential terms is also solely associated
with structural components of the genome, such as
“nucleosome” (GO:0000786), “chromatin” (GO:0005694),
“chromosome” (GO:0000785), and “chromosomal part”
(GO:0044427). Finding only underrepresented terms is
consistent with the global metabolic arrest of animals

Table 2 Summary of number of EST sequences, contigs,
and singletons in tree tardigrade cDNA libraries.

M. tardigradum  H. dujardini  R. coronifer
# of raw sequences 9984 5235 3360
# of quality ESTs 7209 5221 2819
Singleton 2419 1640 1083
Contigs 864 707 373
unigene 3283 2347 1456

undergoing cryptobiosis. Histone mRNA expression is
tightly linked to DNA replication and regulated by the
cell cycle [39]. A study in Caenorhabditis elegans under
anoxia showed similar adaptations such as cell cycle
arrest, dephosphorylation of the histone H3 and mor-
phological changes in the chromatin distribution [40]. A
metabolic suppression could limit cellular and genomic
damage by reducing the energy turnover to a minimum
making the organism less susceptible to stress and
therefore ensuring cell survival e.g. by decreased produc-
tion of free radicals. Also GO-terms involved in transla-
tion regulation seem to be affected e.g. “regulation of
translation” (GO:0006417), “translation regulator activ-
ity” (GO:0045182) and “translation factor activity,
nucleic acid binding” (GO:0008135), implying modula-
tion of translational activity as a response to desiccation.

The most abundant ESTs in active and inactive libraries of
M. tardigradum

The total EST count obtained by comparing the active
against the inactive dataset of M. tardigradum is sum-
marized in the Table 3. The relative abundance of some
transcripts in the inactive stage may indicate that they
have been transcribed during the desiccation process or
have been stored to be translated on rehydration. Biolo-
gically, high survival rates in M. tardigradum are
accomplished only when drying slowly at high relative
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Figure 2 Differentially represented Gene Ontology terms between active and inactive EST libraries of M. tardigradum. GO enrichment
analysis between active and inactive EST libraries using Fisher's exact test with a false discovery rate (FDR) cutoff of p < 0.05 (*) and p < 0.01
(**). The number of transcripts associated with a specific GO term are represented as percentage of all functionally annotated EST in their

humidity [16,41], suggesting that anhydrobiotic tardi-
grades like rotifers [42], need time to activate certain
mechanisms for optimal anhydrobiosis. Probably this is
because the transcription of RNAs coding for protection
components has to take place. Among the genes that
have a higher relative representation in the inactive
stage are as follows:

Lipid-related transcripts

Lipid-related transcripts are represented mainly by
intracellular fatty acid binding protein (FABP). FABPs
have a low molecular mass and bind with high affinity
to hydrophobic ligands such as saturated and

unsaturated long-chain fatty acids. Various functions
have been proposed for FABPs such as the uptake,
transport, and delivery of fatty acids to beta-oxidation
[43,44]. FABPs are also thought to be active fatty acid
chaperones by protecting and shuttling fatty acids
within the cell [45,46]. However the biological role and
mechanisms of action of FABPs remain poorly under-
stood. The transcript level of FABP was identified by
c¢DNA array and Northern blot analysis as being up-
regulated during hibernation of ground squirrels
[43,47]. Members of the FABPs family have recently
been identified and reported to increase in the mono-
gonont rotifer Brachionus plicatilis during dormancy
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Table 3 The most abundantly represented transcripts in
the M. tardigradum active and inactive libraries.

Gene family EST count E-value
Active  Inactive

unknown 65 13

cytochrome b 43 37 1E-080
intracellular fatty acid binding protein 30 43 7E-015
kazal-type serine proteinase inhibitor 24 38 7E-06

unknown 38 32

ATP synthase FO subunit 6 28 28 78-017
unknown 30 21

unknown 21 28

unknown 19 23

cytochrome ¢ oxidase subunit Il 21 20 4E-036
cytochrome ¢ oxidase subunit | 8 29 5E-144
40S ribosomal protein S27 13 15 2E-038
40S ribosomal protein S25 19 13 4E-023
40S ribosomal protein S21 10 20 7E-024
NADH dehydrogenase subunit 4 13 15 2E-021

unknown 16 10

vitellogenin 9 16 2E-013
similar to Actin-5C isoform 2 3 16 1E-015
cytochrome oxidase subunit I 8 10 2E-034
unknown 5 12

cystatin B 5 10 5E-014
NADH dehydrogenase subunit 5 4 10 3E-021

elongation factor 1 alpha 10 2 4E-124

[48]. The presence of FAPB in inactive stage of M. tar-
digradum may imply conserved mechanisms shared
between rotifer dormancy and anhydrobiosis in tardi-
grades and presumably other organisms as well. FAPB
may protect membranes and ensure fatty acids as
energy saving storage during anhydrobiosis.

Protease inhibitors

To date, little is known about the possible mechanisms
of proteolytic inhibition or suppression in anhydrobiotic
organisms. Protease inhibitors are candidate genes
which would offer protection against protein degrada-
tion during anhydrobiosis. Among the abundant pro-
tease inhibitors transcripts in inactive stages of M.
tardigradum are Kazal-type serine proteinase inhibitor
and Cystatin B. Overexpression of Cystatin B (an intra-
cellular cysteine proteinase inhibitor) in transgenic yeast
and Arabidopsis showed an increase in the resistance to
high salt, drought, oxidative, and cold stresses [49]. Ele-
vated levels of transcripts coding for protease inhibitors
such as Cystatin B have also been found in brine shrimp
cysts [50]. The abundance of protease inhibitors may
inhibit proteolytic reactions of proteases that could
damage tissues during the desiccation process or as a
response to induction of proteases as a result of
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aggregated proteins. Also a protection against microbial
degradation could be possible as this can occur at
humidity levels at which tardigrades can’t rehydrate and
actively mobilize any cellular defence mechanisms.

Cytochrome ¢ oxidase subunit |

Cytochrome ¢ oxidase subunit I (COXI) is a mitochon-
drial gene that encodes the cytochrome ¢ oxidase subu-
nit I, a crucial enzyme involved in oxidative
phosphorylation and thus energy production. COXI was
over threefold more represented in the inactive state.
Transcripts encoding COXI were also abundantly
expressed during dehydration stress in the antarctic
nematode Plectus murrayi [51] and up regulated by
temperature increase in the yeast-like fungus Cryptococ-
cus neoformans [52]. The mitochondrial COXI upregula-
tion may serve to prevent the damage to the electron
transport chain caused by desiccation and to keep an
increased energy production for the survival of the
tardigrades.

The sequences, which could not be assigned any func-
tion based on homology search in NCBI, were searched
for conserved domains in ProDom [53] and Swiss-Prot
databases [54] but did not show any hits. Since these
are not all full-length sequences, it is possible that they
may have missed characteristic motifs or domains for
classification. A detailed investigation of their function
as well as other identified transcripts presented in Table
3 will be a task in the future.

Transcripts with putative functions in desiccation
resistance identified in all three tardigrade species
datasets

In a cross-search over the four tardigrade EST resources
(active and inactive libraries of M. tardigradum, R. coro-
nifer and H. dujardini), transcripts which are potentially
associated with desiccation tolerance during anhydrobio-
sis in other organisms were identified (see additional
files 3, 4 and 5).

Detoxification-related genes

Oxidative stress proteins have been shown to be an
important component in many biological processes [55].
They mediate detoxification and have putative roles as
antioxidants such as glutathione S-transferase (GST),
thioredoxin, superoxide dismutase (SOD), glutathione
peroxidases and peroxiredoxin. It was shown that over-
expression of GST/glutathione peroxidase increased the
resistance to oxidative and water stress in transgenic
tobacco plants [56]. GSTs are a diverse superfamily of
multifunctional proteins that are reported to play a pro-
minent role in the detoxification metabolism in nema-
todes [57]. In particular the up-regulation of detoxifying
enzymes GST and SOD in Plectus murrayi [51] suggests



Mali et al. BMC Genomics 2010, 11:168
http://www.biomedcentral.com/1471-2164/11/168

an efficient role of reactive oxygen species (ROS)
scavenging mechanisms under desiccation stress. These
observations led us to postulate that the tardigrade GST
and SOD are likely to deal with oxidatively damaged cel-
lular components during desiccation. These enzymes
that help in the removal of these compounds contribute
to cellular survival after oxidative damage.

Aquaporins

Many organisms adapt to desiccation stress by the acti-
vation of various water-channel proteins, called aqua-
porins (AQP) [58,59]. Data from Polypedilum
vanderplanki indicates that of the two aquaporins iso-
lated from this organism, one is involved in anhydrobio-
sis, whereas the other controls water homeostasis of the
fat body during normal conditions [60]. Similarly, the
aquaporins in larvae of the goldenrod gall fly, Eurosta
solidaginis were either upregulated (AQP3) or downre-
gulated (AQP2 and AQP4) following desiccation [61].
The upregulated AQP3 is especially intriguing because
it is permeable to water and glycerol across the cell
membrane as larvae prepare for the osmotic stress asso-
ciated with desiccation. In our study aquaporin tran-
scripts have been identified in all tardigrade datasets.
These AQPs may act in concert with other transmem-
brane proteins to mediate the rapid transport of water
across the plasma membrane during anhydrobiosis
when its diffusion through the phospholipid layer of the
membrane is limited.

Molecular chaperones
In the four tardigrade datasets we have identified some
putative heat shock protein (HSP) encoding genes. HSPs
are highly conserved throughout evolution and they
function as molecular chaperones and play primary
roles in protein biosynthesis and folding [62]. In tardi-
grades, there is considerable debate concerning the role
of HSPs under desiccation stress. In the R. coronifer, a
lower level of Hsp70 protein was found in desiccated
animals when compared with active ones [63]. In M.
tardigradum, one isoform of the hsp70 tarnscripts
showed up-regulation during the transition from active
to the inactive state [64,65], while the other hsp70 iso-
forms are downregulated and seem not to be directly
involved in anhydrobiosis. Using the same model M.
tardigradum, Reuner et al. [65] found an upregualtion
of hsp90 in the inactive state. Certainly Hsp70 isoforms
and hsp90 are involved in tardigrade desiccation, but
further studies are necessary to understand how these
proteins work to protect anhydrobiotic organisms.
Much attention was recently paid on the chaperone-
like LEA (late embryogenesis abundant) proteins in
anhydrobiotic animals [66,67]. LEA proteins are mainly
low molecular weight (10-30 kDa) proteins associated
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with tolerance to water stress resulting from desiccation
and cold shock [68,69]. Genes encoding LEA-like pro-
teins have been identified in the nematode Aphelenchus
avenae under dehydration condition [70-72]. A similar
gene was identified and upregulated in the larvae of P.
vanderplanki by water stress imposed by either desicca-
tion or hypersalinity [73]. Recently, LEA have also been
identified and shown to be induced under dehydration
in the springtail Megaphorura arctica [74]. In the tardi-
grade EST libraries, LEA transcripts have been found in
the H. dujardini library (the less tolerant tardigrade)
and also in the proteome map of M. tardigardum [75].
These data suggest that LEA-like proteins could be
widespread in anhydrobiotic organisms and serve impor-
tant functions during desiccation.

The translationally controlled tumor protein (TCTP)
found in all tardigrada datasets is often designated as a
stress-related protein because of its highly regulated
expression in stress conditions and its close relation to a
family of small chaperone proteins [76]. Importantly,
TCTP can bind to native proteins and protect them
from thermal denaturation [77].

Trehalose synthesis-related gene

Trehalose, which accumulates in many anhydrobiotic
organisms during desiccation is proposed to act as a
common water replacement molecules and stabilizer of
biological structures [78-80]. The accumulation of treha-
lose has been reported in the cysts of the crustacean
Artemia franciscana [81], in the nematode Aphelenchus
avenae [82] and in the insect larvae of the P. vander-
planki [83]. However, anhydrobiotic Bdelloid rotifers are
unable to produce trehalose [41,84]. In addition, the tre-
halose-6-phosphate synthase genes (¢ps) have not been
found in rotifer genomes [41]. Although trehalose accu-
mulates substantially in the eutardigrade Adorybiotus
coronifer [85], it was surprisingly immeasurable in M.
tardigardum [16] and we could not find transcripts of
tps in M. tardigradum ESTs. Nevertheless, transcripts
coding for trehalases have been described in M. tardi-
gradum [86] but we propose that its function is prob-
ably limited to the catabolism of trehalose taken up
from food sources. The hypothesis of trehalose as a pro-
tective agent during desiccation may not be applicable
to all anhydrobiotic organisms and in M. tardigradum
other strategies are probably employed.

Comparative ESTs analysis between the three tardigrade
species

The datasets analysed in this study represent most of
the available transcriptome data from tardigrades, and
until now there is little information on tardigrade gen-
ome and transcriptome structure. The genome sizes
range from very compact genomes, ~75 Mb for H.
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dujardini, considered as one of the smallest tardigrade
genomes [36], up to 800 Mb for other species
http://www.genomesize.com. Our dataset adds a sub-
stantial part towards the complete gene content in the
tardigrada species.

To investigate the complementation of the three tardi-
grade datasets (M. tardigradum, H. dujardini and R. cor-
onifer) we searched for putative orthologous sequences
across all three datasets. Using a TBLASTX search with
an e-value threshold of 10 we compared the M. tardi-
gradum unigenes against the other two datasets. The
BLAST bit-score of each top-scoring hit was extracted
and M. tardigradum sequences that exhibited sequence
similarity against at least one other tardigrade species
are presented as a clustered heatmap in Figure 1 (see
also additional file 6). M. tardigradum unigenes show
similarities against both other species with some hits
only present in either one of them (N = 785). A higher
coverage of M. tardigradum transcripts can be seen in
the H. dujardini dataset compared to R. coronifer which
is likely due to the smaller R. coronifer dataset. This
cross species comparison implies that the remaining
2498 unigenes contained in the M. tardigradum dataset
represent further yet unknown tardigrade transcripts
and expands the known tardigrade sequence data. These
might be very interesting for studying the evolutionary
relationships of protein families.

To calculate the average relative transcriptome
sequence similarity between M. tardigradum and the
other two tardigrade species we included only sequences
that were common to all three tardigrade species (N =
368). These contained mainly abundant transcripts e.g.
ribosomal proteins, ADP-ribosylation factor, ubiquitin,
glyceraldehyde-3-phosphate dehydrogenase and heat
shock proteins. The resulting average transcript similar-
ity for M. tardigradum against H. dujardini was 147.66
+/- 88.27 and M. tardigradum against R. coronifer
150.95 +/- 93.74. This is reflected in the phylogenetic
distance calculated using 18S rRNA sequences (see addi-
tional file 7), which positions R. coronifer closer to M.
tardigradum.

Conclusions

This study describes novel sequence data from the tardi-
grade M. tardigradum that identified a set of 3283 uni-
genes, which significantly contributes to the available
tardigrade sequence data and will help to establish this
tardigrade as a model for studying desiccation tolerance.
The comparison of active and inactive stage EST
libraries by performing an exploratory GO enrichment
analysis suggests a metabolic suppression in terms of
replication and translation during desiccation. The tardi-
grade-EST resource generated from this study will serve
as a reference for future global gene expression

Page 7 of 11

experiments, aiming at the identification of key regula-
tors of desiccation resistance during anhydrobosis.
Furthermore the datasets of H. dujardini and R. coroni-
fer will serve as additional resources that could give
clues about the evolutionary conservation of these regu-
lators between tardigrade species of different anhydro-
biotic capabilities.

Methods

Animal culture and sampling

M. tardigradum was reared in a laboratory culture on
3% agar plates covered with Volvic® mineral water at 20
+ 2°C and a light/dark cycle of 12 h as previously pub-
lished [8]. For all experiments, adult animals (eight
weeks after hatching) in good condition were collected
directly from the agar plate using a pipette and a stereo-
microscope. Tardigrades were starved for 3 days, and
washed for several times with Volvic® mineral water
before being processed to avoid contaminations. A total
of 1000 animals were collected into 1.5 ml Eppendorf
tubes in aliquots of 200 animals each. Animals repre-
senting the active state were frozen directly in liquid
nitrogen. Anhydrobiotic stages of M. tardigradum were
generated by a previously published protocol [8]. Briefly,
M. tardigradum (200 animals) were placed in 1.5 ml
Eppendorf tube and desiccated at room-temperature at
85% relative humidity (RH) for 12 to 16 hours (till they
have completed the tun formation) and then at 35% RH
for further 48 hours. The animals were frozen at -80°C
until their experimental use.

Library construction

Total RNA extraction was performed by following the
instructions of QIAGEN RNeasy R Mini kit (Qiagen,
Hilden, Germany). Complete lysis of the tardigrades and
especially disruption of their harsh cuticle was achieved
by sonication on ice for 1 min (duty cycle 0.5s) by using
a microsonicator (Probe 73, Sonopuls; Bandelin). For
cDNA synthesis 1 ug total RNA was reverse transcribed
using the Creator™ SMART™ ¢cDNA Library Construc-
tion Kit following the manufacturers recommendations
(Clontech-TaKaRa Bio Europe, France). The resulting
first strand cDNA was amplified by LD-PCR for 18
cycles according to the manufacturers protocol using
the 5 PCR primer (5-AAGCAGTGGTATCAACGCA-
GAGT-3’) as the forward and the CDSIII/3’PCR Primer
(5-ATTCTAGAGGCCGAGGCGGCCGACATG-d(T)
30N-1N-3’) as reverse primer. The amplified PCR pro-
ducts were then analyzed by agarose gel electrophoresis.
After digestion of the amplified cDNA with the Sfil
restriction enzyme, products smaller than 300 bp were
removed using the Chroma Spin-400 column as
described in the Creator SMART™ protocol and cloned
into pDNR-Lib cloning vector. This procedure was
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chosen because of the low amount of starting material.
Plasmids were transferred via electroporation to Escheri-
chia coli (strain DHI10B, Invitrogen, Karlsruhe,
Germany).

cDNA sequencing

In total, 9984 ¢cDNA clones were either picked by hand
or automatically using a QPix robot (Genetix, UK) into
384 well LB-agar culture plates containing chloramphe-
nicol. Sequencing was mostly from the 5 end using
standard M13 forward sequencing primer. The sequen-
cing of the ¢cDNA library was sequenced on a ABI
3730XL capillary sequencer by GATC Biotech AG (Kon-
stanz, Germany).

Sequence analysis and annotation

The EST analysis pipeline (Figure 3) includes typically,
EST pre-processing, EST assembly and annotation of
the resulting unigenes. The result is the generation of a
clean, high-quality EST sequence set. Both chromato-
gram (M. tardigradum) and FASTA sequences (H.
dujardini and R. coronifer) files are accepted as entry
point to the analysis. Base calling was performed with
phred [87,88] using a score threshold of 20. Low quality
sequences, cloning vector, poly A or T tails, adaptors,
and short sequences (<100 base pairs) are removed from
the sequences with SeqClean [89]. Repetitive elements
are masked with RepeatMasker [90]. Sequences that can
be considered contaminants and unexpected vector
sequences are also removed with SeqClean, using
NCBI’s UniVec database (v5.1) [91].

TIGR Gene Indices clustering tools (TGICL) with
standard parameters [92] and CAP3 [93] have been used
for the assembly step. For functional annotation, pro-
cessed putative unique transcripts were loaded into the
Blast2GO software [94]. Blasting was done with
BLASTX algorithm using Blast2GO (v2.3.5) standard
parameters. Unigenes were annotated with GO terms
using standard evidence GO weight parameters. The
‘Augment Annotation by ANNEX’ function was used to
refine annotations. Subsequently, Inter-ProScan [95] was
performed to find conserved functional domains. GO
terms derived from domains were merged into the exist-
ing GO annotation of the respective unigenes.

GO enrichment analysis
Identification of GO terms differentially enriched
between the active and inactive M. tardigradum datasets
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Figure 3 Overview of the tardigrade EST processing pipeline.
Software used by each process in this flowchart are shown in
brackets.
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was performed using the GOSSIP statistical framework
[96] webservice via the BLAST2GO software. GOSSIP
employs 2 x 2 contingency tables of annotation frequen-
cies for each GO term and computes p-values using
Fisher’s exact test. The statistical framework accounts
for false positives (type-I-errors) that arise from multiple
testing by calculating adjusted p-values. We screened for
significantly enriched GO-terms by controlling the false
discovery rate (FDR), setting a cut-off threshold of
pFDR(p) < 0.05. GO terms fulfilling this criterion were
considered differentially enriched between the two M.
tardigradum datasets.

Additional file 1: List of M. tardigradum ESTs and their GenBank
accession numbers. This file provides a list of dbEST ID, User ID and
GenBank accession numbers of all M. tardigradum ESTs.

Click here for file

[ http://www.biomedcentral.com/content/supplementary/1471-2164-11-
168-S1.XLS]

Additional file 2: GO-enrichment analysis statistics of M.
tardigradum datasets. This file contains details about the GO-
enrichment analysis between the active and inactive stage of M.
tardigradum using GOSSIP. A list of enriched ESTs is provided.

Click here for file

[ http//www.biomedcentral.com/content/supplementary/1471-2164-11-
168-52.XLS]

Additional file 3: Putative anhydrobiotic transcripts identified in M.
tardigradum dataset. This file provides a list of ESTs in active and
inactive stages of M. tardigradum that are potentially associated with
desiccation tolerance.

Click here for file

[ http//www.biomedcentral.com/content/supplementary/1471-2164-11-
168-S3.XLS]

Additional file 4: Putative anhydrobiotic transcripts identified in H.
dujardini dataset. This file provides a list of H. dujardini sequences that
are potentially associated with desiccation tolerance.

Click here for file

[ http//www.biomedcentral.com/content/supplementary/1471-2164-11-
168-54.XLS]

Additional file 5: Putative anhydrobiotic transcripts identified in R.
coronifer dataset. This file provides a list of R. coronifer sequences that
are potentially associated with desiccation tolerance.

Click here for file

[ http://www.biomedcentral.com/content/supplementary/1471-2164-11-
168-S5.XLS]

Additional file 6: Putative orthologous sequences of M. tardigradum
against H. dujardini and R. coronifer. This file provides a list of the
putative orthologues shared by tardigrade species investigated in this
study.

Click here for file

[ http//www.biomedcentral.com/content/supplementary/1471-2164-11-
168-S6.XLS]

Additional file 7: Phylogenetic tree based on tardigrade 18S rRNA

sequences. Displays a phylogenetic tree constructed from E. testudo, M.
tardigradum, R. coronifer and H. dujardini 18S rRNA sequences.

Click here for file

[ http://www.biomedcentral.com/content/supplementary/1471-2164-11-

168-S7.PDF]

Acknowledgements
This study was supported by the German Federal Ministry of Education and
Research (BMBF) (FUNCRYPTA 0313838).

Page 9 of 11

Author details

'Molecular Biology and Functional Genomics, University of Applied Sciences
Wildau, BahnhofstraRe 1, 15745 Wildau, Germany. “Department of
Bioinformatics, Biocenter, University of Wirzburg, Am Hubland, 97074
Wiurzburg, Germany. 3German Cancer Research Center (DKFZ), Protein
Analysis Facility, Im Neuenheimer Feld 280, 69120 Heidelberg, Germany.
“Oncoscience AG, Wedel, Germany. *Biological Institute, Zoology, Universitit
Stuttgart, Pfaffenwaldring 57, 70569 Stuttgart, Germany.

Authors’ contributions

BM established and optimized the tardigrade RNA extraction protocol and
constructed and managed the cDNA clone libraries, MG performed
functional annotation and enrichment analysis, putative orthologue
prediction and gave useful comments on sequence analysis, MF was
responsible for oversight, budget, obtaining the funding for the project, and
contributing advice at each step of the research. FF performed quality
control, processing and assembly of ESTs and was involved in data analysis,
TD contributed to the bioinformatic analysis. WW performed the
phylogenetic analysis, RS provided the animals and coordinated the project
and contributed comments on candidate anhydrobiotic genes, MS and DR
supported the identification of anhydrobiotic genes. BM and MG wrote the
main part of the manuscript. All authors read and approved the final
manuscript.

Received: 22 October 2009 Accepted: 12 March 2010
Published: 12 March 2010

References
1. Crowe JH, Hoekstra FA, Crowe LM: Anhydrobiosis. Annu Rev Physiol 1992,
54:579-599.

2. Tunnacliffe A, Lapinski J: Resurrecting van Leeuwenhoek’s rotifers: a
reappraisal of the role of disaccharides in anhydrobiosis. Philos Trans R
Soc Lond B Biol Sci 2003, 358:1755-1771.

3. Watanabe M: Anhydrobiosis in invertebrates. Appl Entomol Zool 2006,
41:15-31.

4. Schill RO, Mali B, Dandekar T, Schnolzer M, Reuter D, Frohme M: Molecular
mechanisms of tolerance in tardigrades: New perspectives for
preservation and stabilization of biological material. Biotech Adv 2009,
27:348-352.

5. Baumann H: Bemerkungen zur Anabiose der Tardigraden. Zool Anz 1927,
72:1-4.

6. Guidetti R, Jonsson Ki: Long-term anhydrobiotic survival in semi-terrestrial
micrometazoans. J Zool 2002, 257:181-187.

7. Bertolani R, Guidetti R, Jonsson Kl, Altiero T, Boschini D, Rebecchi L:
Experiences with dormancy in tardigrades. J Limnol 2004, 63:16-25.

8. Hengherr S, Brimmer F, Schill RO: Anhydrobiosis in tardigrades and its
effects on longevity traits. J Zool 2008, 275:216-220.

9. Jergensen A, Mabjerg N, Kristensen RM: A molecular study of the
tardigrade Echiniscus testudo (Echiniscidae) reveals low DNA sequence
diversity over a large geographical area. J Limnol 2007, 66(Suppl 1):77-83.

10.  Browne J, Tunnacliffe A, Burnell A: Anhydrobiosis: plant desiccation gene
found in a nematode. Nature 2002, 416:38.

11, Gal TZ, Glazer |, Koltai H: An LEA group 3 family member is involved in
survival of C. elegans during exposure to stress. FEBS Lett 2004, 577:21-26.

12.  Kikawada T, Nakahara Y, Kanamori Y, lwata K, Watanabe M, McGee B,
Tunnacliffe A, Okuda T: Dehydration-induced expression of LEA proteins
in an anhydrobiotic chironomid. Biochem Biophys Res Commun 2006,
348:56-61.

13. Oliver AE, Leprince O, Wolkers WF, Hincha DK, Heyer AG, Crowe JH: Non-
disaccharidebased mechanisms of protection during drying. Cryobiology
2001, 43:151-167.

14.  Crowe LM: Lessons from nature: the role of sugars in anhydrobiosis.
Comp Biochem Physiol Part A Mol Integr Physiol 2002, 131:505-513.

15.  Crowe JH: Trehalose as a “chemical chaperone": fact and fantasy. Adv Exp
Med Biol 2007, 594:143-158.

16. Hengherr S, Heyer AG, Kohler HR, Schill RO: Trehalose and anhydrobiosis
in tardigrades-evidence for divergence in responses to dehydration.
FEBS J 2008, 275:281-288.

17. Schill RO, Fritz GB: Desiccation tolerance in embryonic stages of the
tardigrade Milnesium tardigradum. J Zool 2008, 276:103-107.



Mali et al. BMC Genomics 2010, 11:168
http://www.biomedcentral.com/1471-2164/11/168

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Horikawa DD, Sakashita T, Katagiri C, Watanabe M, Kikawada T, Nakahara Y,
Hamada N, Wada S, Funayama T, Higashi S, Kobayashi Y, Okuda T,
Kuwabara M: Radiation tolerance in the tardigrade Milnesium
tardigradum. Int J Radiat Biol 2006, 82:343-848.

Jonsson K, Rabbow E, Schill RO, Harms-Ringdahl M, Rettberg P
Tardigrades survive exposure to space in low Earth orbit. Curr Biol 2008,
18:R729-R731.

Hengherr S, Worland MR, Reuner A, Brimmer F, Schill RO: High-
temperature tolerance in anhydrobiotic tardigrades is limited by glass
transition. Physiol Biochem Zool 2009, 82:749-755.

Hengherr S, Reuner A, Worland R, Briimmer F, Schill RO: Freeze tolerance,
super cooling points and ice formation: comparative studies on the
subzero temperature survival of limno-terrestrial tardigrades. J £xp Biol
2009, 212:802-807.

Hengherr S, Reuner A, Brimmer F, Schill R: Ice crystallization and freeze
tolerance in embryonic stages of tardigrades. Comp Biochem Physiol Part
A Mol Integr Physiol 2010.

Gladyshev E, Meselson M: Extreme resistance of bdelloid rotifers to
ionizing radiation. Proc Natl Acad Sci USA 2008, 105:5139-5144.

Watanabe M, Nakahara Y, Sakashita T, Kikawada T, Fujita A, Hamada N,
Horikawa DD, Wada S, Kobayashi Y, Okuda T: Physiological changes
leading to anhydrobiosis improve radiation tolerance in Polypedilum
vanderplanki larvae. J Insect Physiol 2007, 53:573-579.

Guidetti R, Bertolani R: Tardigrade taxonomy: an updated check list of the
taxa and a list of characters for their identification. Zootaxa 2005,
845:1-46.

Ramlav H, Westh P: Survival of the cryptobiotic eutardigrade Adorybiotus
coronifer during cooling to -196°C : effect of cooling rate, trehalose level,
and short-term acclimation. Cryobiology 1992, 29:125-130.

Ramlgv H, Westh P: Cryptobiosis in the eutardigrade Adorybiotus
coronifer : tolerance to alcohols, temperature and de novo protein
synthesis. Zool Anz 2001, 240:517-523.

Wright JC: The significance of four xeric parameters in the ecology of
terrestrial Tardigrada. J Zool 1991, 224:59-77.

Jénsson KL, Borsari S, Rebecchi L: Anhydrobiotic Survival in Populations of
the Tardigrades Richtersius coronifer and Ramazzottius oberhaeuseri from
Italy and Sweden. Zool Anz 2001, 240:419-423.

Guil N, Giribet G: Fine scale population structure in the Echiniscus blumi-
canadensis series (Heterotardigrada, Tardigrada) in an Iberian mountain
range-When morphology fails to explain genetic structure. Mol
Phylogenet Evol 2009, 51:606-613.

Nichols PB, Nelson DR, Garey1 JR: A family level analysis of tardigrade
phylogeny. Hydrobiologia 2006, 558:53-60.

Sands CJ, Convey P, Linse K, Mclnnes SJ: Assessing meiofaunal variation
among individuals utilising morphological and molecular approaches: an
example using the Tardigrada. BMC Ecol 2008, 8:7-18.

Schill RO, Steinbrick G: Identification and differentiation of
heterotardigrada and eutardigrada species by riboprinting. J Zool Syst
Evol Res 2007, 45:184-190.

Schill RO, Forster F, Dandekar T, Wolf M: Distinguishing species in
Paramacrobiotus (Tardigrada) via compensatory base change analysis of
internal transcribed spacer 2 secondary structures, with the description
of three new species. Org Divers Evol .

Dunn CW, Hejnol A, Matus DQ, Pang K, Browne WE, Smith SA, Seaver E,
Rouse GW, Obst M, Edgecombe GD, Segrensen MV, Haddock SHD, Schmidt-
Rhaesa A, Okusu A, Kristensen RM, Wheeler WC, Martindale MQ, Giribet G:
Broad hylogenomic sampling improves resolution of the animal tree of
life. Nature 2008, 452:745-749.

Gabriel WN, McNuff R, Patel SK, Gregory TR, Jeck WR, Jones CD, Goldstein B:
The tardigrade Hypsibius dujardini, a new model for studying the
evolution of development. Dev Biol 2007, 312:545-559.

Gabriel WN, Goldstein B: Segmental expression of Pax3/7 and engrailed
homologs in tardigrade development. Dev Genes Evol 2007, 217:421-433.
Bavan S, Straub VA, Blaxter ML, Ennion SJ: A P2X receptor from the
tardigrade species Hypsibius dujardini with fast kinetics and sensitivity to
zinc and copper. BMC Evol Biol 2009, 9:17.

Marzluff WF, Duronio RJ: Histone mRNA expression: multiple levels of cell
cycle regulation and important developmental consequences. Curr Opin
Cell Biol 2002, 14:692-699.

Padilla PA, Nystul TG, Zager RA, Johnson ACM, Roth MB:
Dephosphorylation of cell cycle-regulated proteins correlates with

42.

43.

44,

45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Page 10 of 11

anoxia-induced suspended animation in Caenorhabditis elegans. Mol Biol
Cell 2002, 13:1473-1483.

Horikawa DD, Higashi S: Desiccation tolerance of the tardigrade
Milnesium tardigradum collected in Sapporo, Japan, and Bogor,
Indonesia. Zoolog Sci 2004, 21:813-816.

Lapinski J, Tunnacliffe A: Anhydrobiosis without trehalose in bdelloid
rotifers. FEBS Letters 2003, 553:387-390.

Hittel D, Storey KB: Differential expression of adipose - and heart-type
fatty acid binding proteins in hibernating ground squirrels. Biochim
Biophys Acta 2001, 1522:238-243.

Haunerland NH, Spener F: Fatty acid-binding proteins-insights from
genetic manipulations. Prog Lipid Res 2004, 43:328-349.

Coe NR, Bernlohr DA: Physiological properties and functions of
intracellular fatty acid-binding proteins. Biochim Biophys Acta 1998,
1391:287-306.

Makowski L, Hotamisligil GS: Fatty Acid Binding Proteins - The
Evolutionary Crossroads of Inflammatory and Metabolic Responses. J
Nutr 2004, 134:24645-2468S.

Hittel D, Storey KB: The translation state of differentially expressed
mRNAs in the hibernating 13-lined ground squirrel (Spermophilus
tridecemlineatus). Arch Biochem Biophys 2002, 401:244-254.

Denekamp NY, Thorne MAS, Clark MS, Kube M, Reinhardt R, Lubzens E:
Discovering genes associated with dormancy in the monogonont rotifer
Brachionus plicatilis. BMC Genomics 2009, 10:108.

Zhang X, Liu S, Takano T: Two cysteine proteinaseinhibitors from
Arabidopsis thaliana, AtCYSa and AtCYSb, increasing the salt, drought,
oxidation and cold tolerance. Plant Mol Biol 2008, 68:131-143.

Chen WH, Ge X, Wang W, Yu J, Hu S: A gene catalogue for post-diapause
development of an anhydrobiotic arthropod Artemia franciscana. BMC
Genomics 2009, 10:52.

Adhikari BN, Wall DH, Adams BJ: Desiccation survival in an Antarctic
nematode: molecular analysis using expressed sequenced tags. BMC
Genomics 2009, 10:69.

Toffaletti DL, Del Poeta M, Rude TH, Dietrich F, Perfect JR: Regulation of
cytochrome c oxidase subunit 1 (COX1) expression in Cryptococcus
neoformans by temperature and host environment. Microbiology 2003,
149:1041-1049.

Corpet F, Servant F, Gouzy J, Kahn D: ProDom and ProDom-CG: tools for
protein domain analysis and whole genome comparisons. Nucleic Acids
Res 2000, 28:267-269.

Bairoch A, Apweiler R: The SWISS-PROT protein sequence data bank and
its supplement TrEMBL in 1998. Nucleic Acids Res 1998, 26:38-42.

Francaa MB, Paneka AD, Eleutherio ECA: Oxidative stress and its effects
during dehydration. Comp Biochem Physiol 2007, 146:621-631.

Roxas VP, Smith RK, Allen ER, Allen RD: Overexpression of glutathione S-
transferase/glutathione peroxidase enhances the growth of transgenic
tobacco seedlings during stress. Nat Biotechnol 1997, 15:988-991.
Lindblom TH, Dodd AK: Xenobiotic detoxification in thenematode
Caenorhabditis elegans. J Exp Zool 2006, 305:720-730.

lzumi Y, Sonoda S, Yoshida H, Danks HV, Tsumuki H: Roleof membrane
transport of water and glycerol in the freeze toleranceof the rice stem
borer, Chilo suppressalis Walker (Lepidoptera: Pyralidae). J Insect Physiol
2006, 52:215-220.

Philip BN, Yi SX, Elnitsky MA, Lee RE Jr: Aquaporins play a role in
desiccation and freeze tolerance in larvae of the goldenrod gall fly,
Eurosta solidaginis. J Exp Biol 2008, 211:1114-1119.

Kikawada T, Saito A, Kanamori Y, Fujita M, Snigérska K, Watanabe M,
Okuda T: Dehydration-inducible changes in expression of twoaquaporins
in the sleeping chironomid, Polypedilum vanderplanki. Biochim Biophys
Acta 2008, 1778:514-520.

Philip BN, Yi SX, Elnitsky MA, Lee RE Jr: Aquaporins play a role in
desiccation and freeze tolerance in larvae of the goldenrod gall fly,
Eurosta solidaginis. J Exp Biol 2008, 211:1114-1119.

Feder ME, Hofmann GE: Heat shock proteins, molecular chaperones, and
the stress response: evolutionary and ecological physiology. Annu Rev
Phys 1999, 61:243-282.

Jonsson Ki, Schill RO: Induction of Hsp70 by desiccation, ionising
radiation and heatshock in the eutardigrade Richtersius coronifer. Comp
Biochem Physiol B Comp Physiol 2007, 146:456-460.



Mali et al. BMC Genomics 2010, 11:168
http://www.biomedcentral.com/1471-2164/11/168

64.  Schill RO, Steinbrlck GH, Kéhler H-R: Stress gene (hsp70) sequences and
quantitative expression in Milnesium tardigradum (Tardigrada) during
active and cryptobiotic stages. J Exp Biol 2004, 207:1607-1613.

65. Reuner A, Hengherr S, Mali B, Forster F, Arndt D, Reinhardt R, Dandekar T,
Frohme M, Briimmer F, Schill RO: Stress-response in tardigrades:
Differential gene expression of molecular chaperones. Cell Stress &
Chaperones 2009.

66. Tunnacliffe A, Wise MJ: The continuing conundrum of the LEA proteins.
Naturwissenschaften 2007, 94:791-812.

67. McGee B, Schill RO, Tunnacliffe A: Hydrophilic proteins in invertebrate
anhydrobiosis. Integrative and Comparative Biology 2004, 44:679-679.

68. Ingram J, Bartels D: The molecular basis of dehydration tolerance in
plants. Annu Rev Plant Physiol Plant Mol Biol 1994, 47:377-403.

69. Hoekstra FA, Golovina EA, Buitink J: Mechanisms of plant desiccation
tolerance. Trends Plant Sci 2001, 6:431-438.

70.  Browne JA, Tunnacliffe A, Burnell A: Anhydrobiosis - plant desiccation
gene found in a nematode. Nature 2002, 416:38.

71. Browne JA, Dolan KM, Tyson T, Goyal K, Tunnacliffe A, Burnell AM:
Dehydration-specific induction of hydrophilic protein genes in the
anhydrobiotic nematode Aphelenchus avenae. Eukaryot Cell 2004,
3:966-975.

72. Goyal K, Walton LJ, Browne JA, Burnell AM, Tunnacliffe A: Molecular
anhydrobiosis: identifying molecules implicated in invertebrate
anhydrobiosis. Integr Comp Biol 2005, 45:702-709.

73. Kikawada T, Nakahara Y, Kanamori Y, Iwata K, Watanabe M, McGee B,
Tunnacliffe A, Okuda T: Dehydration-induced expression of LEA proteins
in an anhydrobiotic chironomid. Biochem Biophys Res Commun 2006,
348:56-61.

74.  Bahrndorff S, Tunnacliffe A, Wise MJ, McGee B, Holmstrup M, Loeschcke V:
Bioinformatics and protein expression analyses implicate LEA proteins in
the drought response of Collembola. J Insect Physiol 2009, 55:210-217.

75.  Schokraie E, Hotz-Wagenblatt A, Warnken U, Mali B, Frohme M, Forster F,
Dandekar D, Hengherr S, Schill RO, Schnoelzer M: Proteomic analysis of
tardigrades: towards a better understanding of molecular mechanisms
by anhydrobiotic organisms. PLoS ONE 2010.

76. Bommer UA, Thiele BJ: The translationally controlled tumour protein
(TCTP). Int J Biochem Cell Biol 2004, 36:379-385.

77. Gnanasekar M, Dakshinamoorthy G, Ramaswamy K: Translationally
controlled tumor protein is a novel heat shock protein with chaperone-
like activity. Biochem Biophys Res Commun 2009, 386:333-337.

78. Wolkers WF, Tablin F, JH Crowe: From anhydrobiosis to freeze-drying of
eukaryotic cells. Comp Biochem Physiol 2002, 131:535-543.

79.  Shirkey B, McMaster NJ, Smith SC, Wright DJ, Rodriguez H, Jaruga P,
Birincioglu M, Helm R, Potts M: Genomic DNA of Nostoc commune
(Cyanobacteria) becomes covalently modified during long-term
(decades) desiccation but is protected from oxidative damage and
degradation. Nucleic Acids Res 2003, 31:2995-3005.

80. Crowe JH, Crowea LM, Wolkers WF, Oliver AE, Ma X, Auh J-H, Tang M,
Zhu 'S, Norris J, Tablin F: Stabilization of Dry Mammalian Cells: Lessons
from Nature. Integr Comp Biol 2005, 45:810-820.

81. Clegg JS: The origin of trehalose and its significance during emergence
of encysted dormant embryos of Artemia salina. Comp Biochem Physiol
1965, 14:135-143.

82.  Crowe JH, Madin KAC: Anhydrobiosis in nematodes: evaporative water
loss survival. J Exp Zool 1975, 193:323-334.

83. Watanabe M, Kikawada T, Minagawa N, Yukuhiro F, Okuda T: Mechanism
allowing an insect to survive complete dehydration and extreme
temperatures. J Exp Biol 2002, 205:2799-22802.

84. Caprioli M, Kathiolm AK, Melno G, Ramlgv H, Ricci C, Santo N: Trehalose in
desiccated rotifers: a comparison between a bdelloid and a
monogonont species. Comp Biochem Physiol 2004, 139:527-532.

85. Westh P, Ramlgv H: Trehalose accumulation in the tardigrade Adorybiotus
coronifer during anhydrobiosis. J Exp Biol 1991, 258:303-311.

86. Takekazu K, Takeo K: Identification and analysis of trehalase from
tardigrades, Milnesium tardigradum. Zool Sci 2005, 22:1493.

87. Ewing B, Hillier L, Wendl MC, Green P: Base-calling of automated
sequencer traces using phred. |. Accuracy assessment. Genome Res 1998,
8:175-185.

88. Ewing B, Green P: Base-calling of automated sequencer traces using
phred. Il. Error probabilities. Genome Res 1998, 8:186-194.

Page 11 of 11

89. DFCI Gene Indices Software Tools. [http://compbio.dfci.harvard.edu/tgi/
software/].

90. RepeatMasker homepage. [http://www.repeatmasker.org].

91. UniVec database at National Center for Biotechnology Information.
[http://www.ncbi.nim.nih.gov/VecScreen/UniVec.html].

92. Pertea G, Huang X, Liang F, Antonescu V, Sultana R, Karamycheva S, Lee Y,
White J, Cheung F, Parvizi B, Tsai J, Quackenbush J: TIGR Gene Indices
clustering tools (TGICL): a software system for fast clustering of large
EST datasets. Bioinformatics 2003, 19:651-652.

93. Huang X, Madan A: CAP3: A DNA sequence assembly program. Genome
Res 1999, 9:868-877.

94. Gotz S, Garcia-Gémez JM, Terol J, Williams TD, Nagaraj SH, Nueda MJ,
Robles M, Talén M, Dopazo J, Conesa A: High-throughput functional
annotation and data mining with the Blast2GO suite. Nucleic Acids Res
2008, 36:3420-3435.

95. Zdobnov EM, Apweiler R: InterProScan-an integration platform for the
signature-recognition methods in InterPro. Bioinformatics 2001,
17:847-848.

96. Blithgen N, Brand K, Cajavec B, Swat M, Herzel H, Beule D: Biological
profiling of gene groups utilizing Gene Ontology. Genome Inform 2005,
16:106-15.

doi:10.1186/1471-2164-11-168

Cite this article as: Mali et al.: Transcriptome survey of the
anhydrobiotic tardigrade Milnesium tardigradum in comparison with
Hypsibius dujardini and Richtersius coronifer. BMC Genomics 2010 11:168.

Submit your next manuscript to BioMed Central
and take full advantage of:

¢ Convenient online submission

¢ Thorough peer review

¢ No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

¢ Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( ) BiolVled Central




Chapter 5.

Transcriptome analyzed at different
levels in Hypsibius dujardini and
Milnesium tardigradum: Specific
adaptations, motifs and clusters as well
as general protective pathways

—in preparation for submission to Genome
Biology—

47



Transcriptome analyzed at different levels in Hypsibius
dujardini and Milnesium tardigradum: Specific adaptations,

motifs and clusters as well as general protective p athways

Frank Forster 8, Daniela Beisser 3, Markus Grohme %3, Chunguang Liang ?,
Brahim Mali 2, Andy Reuner 3, Alexander Matthias Siegl *, Julia Engelmann ?,
Alexander Shkumatov °, Elham Schokraie °, Tobias Miiller *, Mark Blaxter ’,

Martina Schnélzer °, Ralph O. Schill 3, Marcus Frohme %" and Thomas Dandekar **

'Dept of Bioinformatics, Biocenter University of Walurg, 97074 Wiirzburg, Germany
University of Applied Sciences, BahnhofstraRe Z4BWildau, Germany

3Dept. of Zoology, Institute for Biology, Universit&tuttgart, 70569 Stuttgart, Germany

4 Lehrstuhl fur Botanik I, Julius-von-Sachs-Instityniversity of Wirzburg, 97082
Wirzburg, Germany

®EMBL, Hamburg Outstation, Notkestrasse 85, 22608blarg, Germany

®Functional Proteome Analysiderman Cancer Research Center, Im Neuenheimer Feld
580, D-69120 Heidelberg, Germany

"Institute of Evolutionary Biology, University of Eeyburgh, EH9 3JT,UK

"Corresponding authors, phone: 0049-931-888-45%1-4552;

e-mail: dandekar@biozentrum.uni-wuerzburg.de

SContributed equally
Running title:Comparing tardigrade transcriptomes

Keywords: RNA, EST, COG, evolution, adaptation,



Abstract

Tardigrades are unique metazoans with dormant sigfyms”) resistant to extremes of
cold, heat, radiation, and vacuum. Here we survelteanslate all currently available
transcriptome sequence information from the taetigsHypsibius dujardini and
Milnesium tardigradum andsystematically compare it on all levels to othayamisms
including Caenorhabditis elegans, Drosophila melanogaster andHomo sapiens: ESTs
from an ongoing large-scale transcriptome effogt@llected and made available on
the tardigrade workbench. mRNA stability and tratishal motifs influence protein
expression and show a number of MRNA stability fadtir M. tardigradum while
avoiding several typical motifs known from vertdiesa Encoded clusters of sequence
similar, orthologous proteins sharedvhtardigradum andH. dujardini as well as

more general protein families are identified byefiént clustering methods. Resulting
pathways include stress-protective metabolic stopghways for glycogen,
glycolipids and specific secondary metabolism. Reglud protein protection pathways
are present in both species, but are more divarsk tardigradum. This tardigrade

also expresses specific pathways implicated in [pX#ection. Stress pathways
include late embryogenesis abundant (LEA) protdieat shock proteins and Bmh2
pathway. Finally, stress pathways have partly cmeseregulation (man, nematodes)

and a number of key tardigrade specific adaptatid@6 words]



Introduction

Tardigrades represent one of the three main inwexte taxa where anhydrobiotic populations
are wide-spread, the other two groups being nereatadd rotifers In these taxa, the
anhydrobiotic state may be induced over the whitdeci/cle, from the egg to the adult stage
(holo-anhydrobiosié). The mechanisms by which these so-called anhjatiotprganisms
preserve their cells under extreme desiccation hawvained a challenge to biologists. In
previous research on the biochemistry of anhydtab@rganisms, a strong focus has been on
the role of polyhydroxy compounds, mainly carbolayds, as membrane stabilizers in the dry
staté % Thus the eutardigrad@ichtersius coronifer was shown to accumulate the
disaccharide trehalose at about 2.3% dry weigtiteaentrance of the anhydrobiotic state
Physiological and molecular studies showed theabteveral stress proteins (heat-shock
proteins and late embryogenesis proteins) in theeption against desiccation damage

Stress and LEA (late embryogenesis abundant) po#ait as molecular chaperones and bind
to other proteins, thereby preventing aggregatraundolding of the protein or promoting
protein folding’ % % ! Stress proteins may also protect cells from diidalamage botn

vivo andin vitro? 13 14

Schill et al*®> documented three heat-shock protein genes (Hspmdyj in the tardigrade
speciedM. tardigradum and the inductions of their different expressievels® in the cycle of
dehydration, cryptobiosis and rehydration.

However, a more diversified approach is neededltp €apture the different facets of the
superior stress adaptation in these organisms. again transcriptomics allow us now
diversified large-scale comparisons exploitingetiéint EST resources for tardigrades. The
present work is a comparison of new large-scalessggherated from the cosmopolitan

terrestrial tardigrad®. tardigradum with its well known remarkable resistance to heat,



radiation and cofd’ *® *®andH. dujardini, another tardigrade studied for instance regarding
developmerif. The transcriptome is analyzed on all hieracH®atls. Sequence reads for
ESTs are compared and assembled and added torttigriicde Workbend}, a unique
resource for tardigrade sequences. Next a transorggbased overview of encoded proteins,
protein clusters and protein relatedness is actiieMeis allows for the first time a systematic
overview and comparison of the pathways in thesbBgeades. We test the generality of the
identified tardigrade specific stress adaptationsdmparison to other organisms including
C. elegans, D. melanogaster andH. sapiens. Details on the numerous sequences and
comparisons are given in the supplementary matenialur tardigrade website:
http://tardigrade. bi oapps. bi ozent rum uni - wuer zbur g. de.

Key results are presented in the paper:

An ongoing transcriptome effort generakéstardigradum ESTSs., which are collected and
provided on the Tardigrade WorkbeAthrhe EST data allows us to identify RNA motifs.
For M. tardigradum we can show that mRNA regulation by specific siglsignals could be

a further adaptatioWe then examine and compare different higher levktbe
transcriptome. Starting with the encoded proteiagind common proteins for both species.
These have identical domain compositions accortiigparanoid clusterirfg Furthermore,
we compare clusters of similar proteins withindujardini, M. tardigradum or both. The
general sequence similarity of encoded proteiexasnined by CLANS, clustering proteins
sufficiently similar (Blast e-value < 0.001). Thds®® comparison types reveal a number of
proteins with unknown function occurring only indagrades partly involved also in their
unique physiology as well as clusters of proteimsagcing adaptive responses to stress.

To systematically compare encoded cellular funstiand potential stress adaptations to other
organisms we next used the well established ckisteorthologous groups (COGs) and
identify the encoded protein repertoire in bothcsge which is shared with other organisms.

This includes LEA (late embryonic abundant) pragemplicated in stress tolerance and we



examine which subgroups occur in these two tardigspecies. Western blot analysis and
PCR confirm experimentally LEA proteins and heatckhproteins, respectively, M.
tardigradum.

Building on these findings we systematically invgete tardigrade pathways: different
enzymes indicate several metabolic pathways by fnesence. Fdfl. dujardini or

M. tardigradum these include pathways for basic primary and semgnahetabolism, but also
storage and protective stress. Key adaptations foarel in e.g. bmh2, redox and DNA
protection pathways as well as heat-shock protmnlated paths. Pathways for DNA
protections are especially strongihtardigradum, additionally both species feature a
number of redox and stress protective pathways.

Finally we extend the comparison of stress protamt pathways to pro- and eukaryotes to
get a general comparison of the pathway inventorggared to other organisms. The data
suggests a strong protection of proteins includatpx protection and specific protection of

DNA, but also points to specific pathways founather organisms includinig. sapiens.

Results

Transcriptome generation and analysis platform

H. dujardini: Expressed sequence tags were generatéddl fiujardini in Edinburgh as part

of a research program to study early developmetitisnspecies. The ESTs were generated
from a non-directional cDNA library. The library waonstructed from adults and juveniles
from an established laboratory culture derived fesingle parthenogentic female (culture
ED52). AsH. dujardini releases eggs in the shed cuticle at each past-iaioult, the sample
also includes egg and embryo transcripts. A tdt&l85 sequences were deposited in dbEST.
M. tardigradum: Expressed sequence tags were generatéd.fiardigradum as part of a

research program to study stress adaptationsitsplecies. The ESTs were generated from a



non-directional cDNA library. For these experimeadilt animals in a good physical
condition were taken directly from the culture atarved for three days to avoid preparation
of additional RNA originating from not completeljgésted food in the intestinal system. The
derivedM. tardigradum ESTs are a mixture of tun stage and active matilmals. A total of
9982M. tardigradum sequences were deposited in dbEST.

Tardigrade workbench: The tardigrade workbench ser’fewas updated accordingly and
includes now all the above mentioned new and aWVipus public EST data. Furthermore,
adding systematic translation, all encoded protaresavailable as well as standard protein
databanks for comparison at the workbench. Amertlitorial was added at
http://tardigrade. bi oapps. bi ozent rum uni - wuer zbur g. de/ cgi - bi n/ about . pl .
Furthermore, the data structure and the managenhémt database were improved. The
implementation of the database was changed. Ttlisdas more options for the user, e.g.
new options for COG statistics (see also belowg fiéw server is available at
http://tardigrade. bi oapps. bi ozent rum uni - wuer zbur g. de and serves as an analysis
platform for further studies in tardigrade molecutaakeup (for refereeing: username and
password are “confidential” and “secretary” respety and will be removed after acception
of the manuscript; for anonymous access use gm//mww.the-cloak.com/anonymous-

surfing-home.html).

Regulatory RNA motifs involved in post transcriptio nal regulation in

M. tardigradum

As we here analyze EST data from mamhytardigradum sequences we systematically looked
for regulatory RNA motifs in all availabl. tardigradum sequences (Table ). From a screen
of 30 regulatory motifs used in higher eukaryoted & particular vertebrates (see Materials
and methods) only twelve are usedMntardigradum sequences. The regulatory motifs used
include mMRNA stability signals known from vertelamsuch as the LOX 15-DICE elenfént

brd boxX® and the alcohol dehydrogenase 3'UTR downregulatoirol elemerif, in



contrast, other elements such as the widely use@lalients in vertebratésare absent in

theM. tardigradum ESTs. Translational elements such as the IREcanedf but used rarely.

Encoded proteins shared in both species

Building on these results, higher information |evef the transcriptome were analyzed. This
includes large-scale comparisons of encoded taxdgproteins from the assembled data.
Candidate orthologue sequences occur in both spanigthave the same domain composition
and hence, very likely the same function. We us@aranoid” to identify such shared
candidate orthologue sequences (sCOS), presdms lh tujardini andM. tardigradum EST
data (Fig. 1, top). Furthermore, if two sequencih the same domain composition occur in
the same species this is also identified by InpaicarThus, we identified 178 sCOS,
corresponding to 21K!. tardigradum and 234H. dujardini ESTs. The set of sCOS are a
conservative estimate as only the full genome sexpief both organisms would allow us to
identify all orthologues. However, these candidatbologue sequences already show that a
substantial fraction of closely shared proteins&xi both species and a major fraction of

these include adaptations against environmenggs{iFig. 1, top).

Clusters of sequence similar encoded proteins occur ring within

M. tardigradum, H. dujardini or both tardigrades

CLANS? identifiesde novo protein families just by sequence similarity (oftsee Materials

and methods) in any collection of sequences and doedemand the sequence to have an

orthologue in another species. This allowed usstormate and obtain the number of clusters
of sequence similar proteins either for both tanatigs by pooling all available ESTs or only
the ones present in thé dujardini or only the ones iM. tardigradum EST data (Fig. 1,

bottom).

There are 13 CLANS clusters consisting of 203 pnstéor M. tardigradum, 16 CLANS

clusters consisting of 246 proteinsHndujardini, and 37 CLANS clusters pooling all



available ESTs from both species consisting of @®4eins. These always include tardigrade-
specific protein clusters (a total of 314 protemsifferent clusters). Within the

M. tardigradum clusters, there are genes related to stress @ieadixin (cytochrome p450),
protein turnover (cathepsin, metalloproteinase-tikester and three ubiqutin-like clusters),
protein secretion (Rab-like), redox protection {gthione S-transferase, cystatin-like) and
regulation (ras, calmodulin-like). Th8%2argest cluster iM. tardigradum specific.

H. dujardini also features species-specific clusters (four witthomologies including the top
cluster) and again clusters of ras-like, of cathrep®f glutathion S-transferase-like and
cystatin-like proteins. Furthermore, there are diebgenases and a number of diapause-
specific proteins. Diapause is a reversible statlevelopmental suspension and found from
plants to animals, including marsupials and sorheranammaf as well as insects and

here, its presence supports either the tun fortheregulation of other (e.g. developmental)
metabolic inactive states. Cell wall protectiopisbably supported by chitin binding
proteins. Both Inparanoid and CLANS analyses amdparisons are presented in detail in the
supplementary information on our tardigrade website

The shared CLANS clusters suggest a tardigradefgpeptimization of protein protection

by clusters of related proteins (details in sup@etary table | on tardigrade website): Twelve
CLANS clusters have no sequence homology to angtifuimally described sequence. Thus,
they are only known from tardigrades but sharedéeh both species (S-Table Ic).
Furthermore, there are CLANS clusters with a spdunctional description: clusters
forming a ras subfamify, cathepsin-like proteil§ cystatin-liké®, and chitin-binding
proteins® *3 dehydrogenases and cytochrome p450-like proteias well as ubiquitin- and
ubiquitin-conjugating enzyme-lik& * thioredoxin-like and cysteine-rich proteihs

However, there are several additional familiesjfistance sulfotransferase-IiRe
serin/threonine protein kinas&sserin protease inhibitor-lik&and signal recognition protein

like** clusters.



Specific encoded protein families and those shared with other organisms that

occur in M. tardigradum and H. dujardini ESTs

To compare the repertoire of functions in more ila@tathis study we use for the first time
the full transcriptome available from the sequeg@iffort onM. tardigradum ESTs and
compare it to the available data regarding clusiémthologous groups (COGs) and
eukaryotic clusters of orthologous groups (KOG€G3 were originally introduced by
Tatusov et af>. The COG clusters permit a genomic perspectiverotein families from the
rapidly accumulating genome sequences, as inyktem® all conserved genes are classified
according to their homologous relationships inffedéent COG clusters (or eukaryotic
clusters, KOGs, see above). By looking at the CA@B2repertoire thdl. tardigradum
inventory is directly compared to the protein intaeg shared by all currently available
genome sequences (several thousand clusters of groeding defined protein functions).
The same analysis was done lfordujardini as well as for clusters shared by both species
(Table lla-c; complete list in supplementary maters-Table 1l on our tardigrade website).
Table Il summarizes specific molecular categor@oeding to the COG/KOG classification
in this comparison. This includes (Table lla) malec chaperons iRl. dujardini [category

O], uncharacterized proteins [category R] includimgisual protein kinases and membrane
ATPases [category C]. Ribosomal proteins occuninaganism [category J], however, there
is COG/KOG evidence that there are specific pratesed here and that there are even more
such specific ribosomal proteinsih tardigradum. FurthermorelM. tardigradum has even
moreMilnesium-specific not yet well characterized proteins [gatges S and R], metabolic
enzymes [category C] and secondary metabolismwedoin protein protection and turnover
[category O]. Furthermore, there is evidence facHr DNA turnover and protection
[category K] and transport processes includingristances Guanine nucleotide exchange
factors and SNARE proteifigcategory U]. Of course, many other functionssivared

between both tardigrades.



Individual COG/KOGs: Among the COGs and KOGs, we find presumable taadignspecific
reinforcements for protein protection such as sabiquitin-like proteins (KOG0001)
including ubiquitin-ligases and the ribosomal piotied0 fusion (KOG0003; remaining
COGs/KOGs described here are given in Table llanymATP-dependent RNA helicases,
several AAA+-type ATPase$*(including peptidase M41 domain) and mRNA splicing
factor ATP-dependent RNA helicase shared by batligeade species. Furthermore, for
protein protection, we find cyclophilin type peptigrolyl cis-trans isomera&& proteasome
components, cytochrome P450-like, GTPases and @Gidl proteins (for the
cytoskeleton). Regulation includes Ser/Thr kinases phosphatases as well as glycogen
synthase kinase*3 There are only four (KOG2733-membrane, KOG3098@4604,
KOG4431) shared uncharacterized proteins, KOG4d8aded by hypoxia could be involved
in tardigrade-specific adaptations. Apart from thiere are tardigrade versions of the basic
eukaryotic proteome present such as ribosomalipmtmetabolic enzymes (e.g. triose
phosphate isomerase, central carbohydrate metahal@mpare with above, nucleotide
metabolism). FoM. tardigradum, a number of species-specific adaptations compared

H. dujardini become apparent: Mitogen activated protein kinagdin C-dependent kinase
CDKS8, Ser/Thr protein kinases, an adenylyl cyciasevell as germ-line stem cell division
protein Hiwi/Piwf'’ and specific splicing factors, DNA/RNA helica& SNF2-family DNA-
dependent ATPa&® probably involved in DNA protection (see afSh DNA polymerase
epsilon, nucleotide excision repair protein RAD%6agll as additional DNA-directed RNA
polymerases and a site-specific recombinase. Tdrerseveral large families of
uncharacterized conserved proteins, leucine-rippats and, quite interesting, a stress-
induced morphogéhas well as the ribosomal biogenesis protein NopB8pifferent
metabolic enzymes include several ubiquitin-spe@fizymes and glutathione peroxidase for

protein protection, general metabolic enzymes siscsuccinyl CoA synthetase and



dihydrolipoamide acetyltransferase as well as emsyaf secondary metabolism such as
polypeptide N-acetylgalactosaminyltransferase.

ForH. dujardini there are again several specific adaptationsetimetude molecular
chaperons, archaeal/vacuolar H-ATPases, WD40 rgpetins, an unusual protein kinase,
some metabolic enzymes and for protein protectwinstance the ubiquinol reductase

(Table lic). Once more, there seem to be sped¥iealapted ribosomal proteins.

Experimental validation of heat shock proteins and LEA proteins.

We directly tested the presence of stress proteilt tardigradum by PCR regarding hsps
(Fig. 2) and by Western blot analysis using antib®dgainst heat shock protein Hsp70 and
LEA protein (Fig. 3). A strong band was detectedHsep70 slightly below 75 kDa as
expected. When using the antibody against LEA prste@ne prominent band appeared at
approx. 60 kDa accompanied by several faint bamdisa lower and higher molecular weight

region. Thus, the presence of Hsp70 and LEA prstetuld be experimentally confirmed.

Phylogenetic distribution of LEA stress proteins oc curring in these two
tardigrades compared to other species

Preliminary data suggested as a first hint to stpeghways that several LEA(late
Embryogenesis abundant)-like protéftaiso occur in tardigrade species. They are knawn t
improve stress resistance in other organisms iticpéar in plants. As currently there is for
the M. tardigradum LEA proteins no complete sequence available, wepeoed (Fig. 4) all
identified LEA proteins fronH. dujardini (13 sequences, redhdRichtersius coronifer (3
sequences, orange). The identified sequences warpared to a number of othaona fide
LEA proteins from other organisms (PFAM seed alignth. We use the new classification
by Tunnacliffe and Wisg, and compare to their LEA protein groups 1, 2 anBemaining
higher LEA groups (4-6 in refererf@ehave no similarity to the tardigrade proteinso@s

1, 2 and 3 correspond to the PFAM domains Leaed, P, and Lea_4 and are shown (full

seed alignment) in Fig.. Apart from one protein, all. dujardini proteins cluster in two



branches, but have only Lea 4 proteins from othgamisms as relatives. Thus all tardigrade
sequences including all thr& coronifer sequences are found in the area of Lea 4-like
proteins, a potential independent Lea protein famirepresented by gi50297072 from

H. dujardini (Fig. 4).

Predicted metabolic enzymes and resulting pathways from M. tardigradum and

H. dujardini EST analysis

The sequencing effort dW. tardigradum as well as the existing EST sequences on

H. dujardini allow us to give first estimates on central melighqmathways involved in
metabolic protection and stress resistance (Tdblédtails in S-Table IV on the tardigrade
website). Thusi. dujardini andM. tardigradum have key glycolytic enzymes (the list in

M. tardigradum is even more complete), aldolase is however umto only found in

H. dujardini. Starch and sucrose metabolism is representechbyn@er of enzymes. On the
other hand, basic fatty acid biosynthesis has ong/{. dujardini) or two (M. tardigradum)
general enzymes but clear evidence for fatty alcdgation in mitochondria and fatty acid
conversion into different CoA-enzyme intermediafése latter is again more completely
demonstrated iil. tardigradum and here is also clear evidence for ketone bodthsgis and
their conversion (which should allow long term addipn against carbohydrate shortage).
Furthermore, linoleic acids are synthesized ancethee several ESTs found encoding
enzymes of the glycerophospholipid and sphingolipatabolism. In the latter, we find
ceramidase in both organismsMntardigradum in addition sphingomyelin
phosphodiesterase and several others. For prosthiglmediated stress respormsenzyme
evidence is again found in both species (Phosphsdi\2, prostaglandin-D synthase), in
M. tardigradum this includes furthermore the thromboxane A-sys¢h#s further signalling
compounds, there is a detailed carotenoid metaboksirthermore, steroids are synthesized
in both organisms (e.g. isopentenyl-diphosphatadsbmerase), iM. tardigradum there are

many enzymes found already in our EST library efgteroid metabolism. Also the ability to



branch off to terpenoid biosyntheSiss present in both organisms. Regarding interniedia
metabolism, both organisms have aminophosphonatebmlesm and a detailed ether lipid
metabolism.

There are several metabolite pathways implicatesirass defence. Trehalose pathway is not
clear inM. tardigradum or H. dujardini but there are clear pathways for glycogen stosagke
glycolipids (found in both organisms), or specfiotein and membrane modifications

(several such enzymatic pathways available for baganisms).

Stress pathways predicted from M. tardigradum and H. dujardini ESTs

In the first place, we examined the hypothesis tvrea regulatory stress pathway around
Bmh2 protein, which is known to exist in ye4sts also conserved in tardigrades. This stress
pathway is shown here to be present in tardigrades-3 related protein Bmh2 regulates
several metabolic enzymes including productiorrefialose and lipid synthesis. All these
proteins form a complex in yed$tThe protein Bmh2 is found to be present in taatigs
according to the EST dakh dujardini (Fig. 5)as well as irM. tardigradum (suppl.Tables S-

V, S-VI).

Furthermore, the regulatory input protein Stk& found inH. dujardini as well as in

M. tardigradum. Several further metabolic proteins are conservedadn and yeast.
Interestingly, this includes Trehalase and its inetite Trehalose, but it has not yet been
detected irH. dujardini or M. tardigradum®®. However, the sequences of the master regulator
Bmh2 and the dependent kinase Sckl were foukt dujardini as well agvl. tardigradum

and further verified by additional sequence analgsich as back-searches, Prosite Motifs and
SMART domain compositiofl. Other bmh2-dependent metabolic enzymes are LEB1 o
LCB2°®. LCB1 and LCB2-like proteins were in fact found f. dujardini but not for

M. tardigradum. This includes six predicted acyltransferased.idujardini (COG0596, see
suppl. material)However, as we are not sure which of these iexiaet LCB1 or LCB2

homologue and have no experimental data whichiegetty regulated by Bmh2 there



remains a question mark in Fig. 5. However, tha daggest the complete stress pathway
including dependent metabolic enzymeslirdujardini but only key switches in

M. tardigradum, their effector proteins still remain to be idergdi

We next investigated the extent of standard des@tolerance pathways in the available
H. dujardini andM. tardigradum sequence data. Alp&tcompiled a number of pathways in
desiccation tolerance which were all investigawé.found no genes indicating stress
protection by photo pigmer#fs®2 This is in accordance with morphological dataings
systematic sequence to sequence comparisons gtain verified orthologues (see Material
and Methods) of a number of organisms, we obtaihedollowing results regarding stress
pathway proteins using the available EST data frbrdujardini andM. tardigradum

(Table IV, details in S-Table V a,b on the tarddgavebsite):

There are no pigment protection pathways presesxm@mbers gbrotective pathwaysthere
are RNA helicasé as well as peroxiredoxin, peroxidase and supeeogismutas¥. There

is strong redox protection in both tardigradesdesiiock like proteins and specific membrane
protection pathways, e.g. regulated by MIP (majtririsic proteirt’) and by aquaporins to

boost dessication tolerariée’’. Several EA protein °® %

candidates were found including
very good matches to known LEA proteins (validatee Fig. 4). Different larger and
smallerheat shock protein€® could be identified including hsp70 h dujardini as well as
in M. tardigradum.

DNA repair includes the MutS pathwéy FurthermorelM. tardigradum contains specific
DNA repair (RAD51, DnaJ family) as well as other RIgrotection (DNA helicases)

pathway proteins. In addition, further mechanisoehsas anti-freezing proteiffsvere

considered. Here, however, extensive searchedlingstructure domain search, sequence



and domain analysis did not identify related seqasnnH. dujardini ESTs or

M. tardigradum ESTS.

Moreover, we next checked how complete the differsgicated pathways are in

M. tardigradum according to our data (Table IVc): Besides Bmhthway, the homologous
DNA recombination, as well as other standard DNpaiepathways are present and also
regulated by a number of different Rad protein$tePent heat shock proteins and their
regulators as well as dependent enzymes becomeeapplaEA proteins occur in plants and
animals. According to the EST data in tardigradspexific animal signalling pathway is
present, the HOG signalling including PKA-mediatedulation. Also for the protective

pathways a number of regulatory proteins and degr@rehzymes are predicted to be present.

Tardigrade-specific stress adaptations versus gener al adaptations shared with

other animals

There are two other desiccation resistant phyti#fera and nematodes. To get an insight into
the general and tardigrade specific adaptationsomgpared our inventory of stress pathways
found inM. tardigradum and/orH. dujardini with stress pathways known from rotifera or
from nematodes. Conservation of key pathways in mahown in Fig. 6. We considered all
proteins found either iW. tardigradum or H. dujardini or both to be involved in stress
protection and whether these are also found in tadea, rotifers or man, as well as specific
genes involved in nematode or rotifer stress nesp@and whether these are found in
tardigrades. A first overview on this is shown lysters of orthologous groups (COGs or
eukaryotic KOG$?) and using available genome information regargiregein clusters in
Nematodes(. elegans) andH. sapiens”®. We considered three major COG/KOG categdties
involved in protective functions: We compared ardigrade data and protein clusters to the

other two organisms regarding the COG/KOG categoriédefence mechanisms), O

! We have a strong indications from mass spectrgniietranti-freezing proteins iNl. tardigradum.



(posttranslational modification) and L (replicatisacombination and repair). The overview
(Venn diagram) in Fig 6 shows that there are méwayesd functions (172), but there are 81
tardigrade-“specific” protein clusters (i.e. thegn neither found in man nor in nematodes).
Overlap between organism groups is largest betweeratodes and man. To better identify
unique tardigrade adaptations we subtracted ckistanmon for tardigrades and yeast (Fig.
7) and end up with a list of 46 specific adaptatiand COG/KOG clusters genuine for
tardigrades within the context of this comparisbmese are adaptations and clusters of
orthologous groups identified from our EST analygisch do not occur in these other groups
of desiccation tolerant animals and are in thiseeand specific comparison tardigrade-
specific. However, in any annotated tardigradeginotne sequence homology from which
the annotation was derived, shows already thgptbiein occurs also in some other species.
Only the tardigrade-specific protein clusters (dapentary table | on tardigrade website) are
strictly tardigrade-specific but have not yet an@ation.

In the above sense and in comparison to rotifensiatodes, human and yeast there are many
tardigrade specific proteir{d6 protein clusters, Fig. 6) and they include CQdss
glutaredoxin-related proteins and molecular chapees well as KOGs involved in molecular
chaperoning. This includes the DnaJ superfamilyaitarge number of different clusters
(Milnesium-specific, Table IVc; supplementary tameand 1l on tardigrade website; see
above). The COG clusters 4973, 4974 support thisupplying site-specific recombinadés
Collectively, these should enhance DNA protectind this helps to explain the extraordinary
resistance of/. tardigradum against DNA damage documented recéfitl§. Details on all
involved functions and protein clusters are givethie supplementary material on our
tardigrade website including basic COGs/KOGs shaiidd yeast in tardigrades (Table S-
VII). Fig. 8 summarizes all EST predicted adaptagiand compares their distribution in other
organisms, focussing on the predicted encodedipramilies. Tardigrades exploit

adaptations from nematodes, rotifers and vertebgeavell as individual adaptations. Note



that these are only those which can be predictad the transcriptome. In addition, there are
a number of tardigrade specific EST clusters wihersequence similarity allows predictions
on any specific function. Interestingly, some piofienctions (11) are shared only between
tardigrades an#l. sapiens in this comparison (Fig. 8 and supplementary t&fble on
tardigrade website): These are pathways includiNg Bepair protein RHP57 and ubiquitin
protein ligase¥ as well as proteasome maturation faétdtinally information on rotifers is
sparse. Supplementary material (S-Table VIIf,gbantardigrade website shows at least that
a mitochondrial chaperonin is shared with man @nelegans and that an hsp90 family-type

molecular chaperoi& ®is instead shared with tardigrades.

Discussion

Unigue stress adaptation capabilities are fouret aff tardigrades transcriptome sequence
analysis. We present here a detailed comparati@ysis including predicted protein clusters
and resulting pathways é&f. dujardini andM. tardigradum. Our study considers all available
transcriptome data from two current EST sequengmgects in the tardigrades

M. tardigradum andH. dujardini. The present study focuses on the transcriptomeastata
predicted protein families and pathways, howeariwo protein families (LEA proteins,

heat shock proteins), there is also complementgrgranental evidence from PCR and
Western blotting. By direct comparison of the didfet clusters, the predicted proteins shared
by both species are identified. Note that both E&&ries are independent efforts. The EST
library of H. dujardini was generated in the laboratory of M. Blaxter snavailable at
Genbank. Thé/. tardigradum transcriptome is newly generated as part of argeeéort
(www.funcrypta.de) to understand the adaptation@ngiology ofM. tardigradum. The aim

of this study is to analyze the different levelsta# transcriptome, starting from RNA motifs
but focussing on different types of sequence ctasiad pathways as well as their verification

by experiments and by further comparisons. Fusheties will be or are already looking into



other aspects of the adaptation process suchfasedifial EST libraries between tun and
active state iM. tardigradum or changes in specific metabolites during adaptedis well as
comparison to further tardigrade adaptations.

Our study is a conservative estimate of the diffeescoded protein clusters and pathways
analyzed, with a fulM. tardigradum genome sequence and full transcriptome data the
description will become more complete. Howeverady the available data (9982 EST
sequences froml. tardigradum, 5235 EST sequences frdafndujardini) show a number of
interesting features in these two different taraigs. Thus our study shows for the available
data in a systematic sequence to sequence compénestoa substantial fraction of the
sequences (12.2% for all sequences no matter froichvef the two compared tardigrades)
comes in sequence-similar families involved in eiofprotection, redox protection, protein
turnover, signalling as well as tardigrade-spedcifique clusters (Fig. 1 bottom).
Interestingly, CLANS clustering of all sequence-#amrelated proteins shows this holds for
both M. tardigradum (6.2%, 13 clustersandH. dujardini (10.5%, 16 clustersHowever,

there is stronger stress adaptation potentill.itardigradum. This general trend is supported
by the further analyses reported in this papereNaat each of the following different
analyses reveals different specific sequence fasmdnd pathways involved in tardigrade-
specific adaptations:

First, we compare the predicted metabolic inventdriyoth tardigrades as well as specific
regulatory motifs irM. tardigradum mRNA. A number of specific motifs are used to fatg
mRNA in M. tardigradum. The key motifs (lox P DICE k-box®*, brd-box°) are all

regulatory for stability but avoid standard mokfsown from vertebrates such as the AU-rich
element for mRNA instabilifyf.

Specific metabolic pathways include central primamgtabolism and adaptions in lipid and

carbohydrate metabolism. Furthermore, there aralméte connections to stress defence, for



instance regarding storage carbohydrates suclyesggin and lipid metabolism to foster
membrane protection.

Moreover, we identify a number of specific pathwayslved in stress adaptation including
some that also occur in vertebrates. We can poins@veral major protein families and
assemble them to pathwayshih tardigradum which are implicated in its excessive stress
resistance to high temperatures or vacuum andigdlsl tun stagt: 17 18 19:58:82\y/a see
several stress-related clusters of sequence sipribéeins, clusters of orthologous groups in
eukaryotes (KOGSs) or prokaryotes as well as meiapathways. While there is generally
high overlap in the latter, the other two compargsshow high protection for proteins and
against redox stress in both organisms but a nuoftmrecies-specific families not found in
the other. In accordance with observations fromspiggy, M. tardigradum has even more
specific protection pathways and hence, involvedegin families thamd. dujardini. This
includes specific protein families involved in DNvhotectio®. A recent study highlighted
the high repair potential i tardigradumin comet assay8but the machinery behind the
high repair potential and the numerous DNA breaiduieed during tun stage was not clear.
The different DNA repair protein pathways analybetde and compared with the situation in
H. dujardini better explain involved families, in particulartbe DnaJ type. The high repair
potential is supported by a comparison of protecgikotein clusters of tardigrades according
to the COG classification systéfto nematodes, man, and yeast as a control. Wifidd6
tardigrade-specific adaptations including the jushtioned chaperones also involved in DNA
protectiofi* as well as 11 protein clusters shared with patisveaygl protein clusters in man.
These include bmh2 (Fig. 5, Fig. 8), proteasomaimatibn factors and others. The
maturation factor could in principle also be margped in man to improve stress tolerance, as
proteasome inhibitory drugs are known from cankerapy® 2 However, to improve stress
tolerance a suitable activation level is critiddNA repair protein RHP57RAD57 homolog

of Schizosaccharomyces pombe) is another conserved and attractive target to ingstress



tolerance in man. It is a recombination repair §&ard shown here to be present both in
tardigrades and man. DNA stability and repair isstdered to be a key factor to lower cancer

risk and reach high including very high age in filan

Conclusion

This study systematically analyzes sequence fasraliel clusters apparent from tardigrade
transcriptome data from ongoing EST efforts andr tlesulting proteins and pathways. The
results show molecular functions involved in théque stress-adaptation of tardigrades,

species-specific differences and general featuraed even with man, thereby providing a

good basis for detailed functional studies.
Material and Methods

Tardigrade culture

Cultures of the cosmopolitan eutardigrade spadigsrdigradum DoYERE 1849 (Apochela,
Milnesidae) were kept and reared on petri dishés4am) filled with a small layer of
agarose (3%) (peqGOLD Universal Agarose, peqLABarigren, Germany) and covered with
spring water (Volvic” water, Danone Waters Deutschland, Wiesbaden, Gepnaa 202 °C
and a light/dark cycle of 12 h. RotifdPilodina citrina and nematodeBanagrellus sp. were
provided as food source to adults, while, juvetaleligrades were additionally fed with green
algaeChlorogonium elongatum. For all experiments adult animals in good cooditivere
taken from the culture and starved for three daigs prevents the preparation of additional
RNA originating from incompletely digested foodtlre intestinal system.

Sequence resources

We obtained all ESTs dfl. tardigradum from our ongoing sequencing project of

M. tardigradum. ForH. dujardini sequences we obtained all available EST sequémras

GenBank®. Proteins were predicted using a BLASTX searclirsg&niProtkB/SwissProt-,



UniProtKB/TrEMBL- and NR-database. The ORFs forleatide sequences, showing
significant results (Evalue < 0.001), were extrdcBo be more efficient only sequences
without results were searched against a more extedatabases (UniProtKB/TrEMBL- and
finally NR-database, respectively). For sequenaésowt homology the longest ORF was
extracted. All available new and existing sequanf@mation (RNA, encoded proteins) was
integrated on the tardigrade workbench. For thiswa server was hosted at

http://tardi grade. bi oapps. bi ozent rum uni - wuer zbur g. de. It includes now enhanced
management capabilities, all new databases andtteawsource code.

Identification of regulatory elements inM. tardigradum mRNAs

Here, all known ESTs d¥l. tardigradum were systematically screened using the software
UTRscafi®. This software screens 30 regulatory element&fdA regulation (translational
elements, stability elements, other well known tatgury elements). The default settings for
batch mode were used and all reported elementscodested.

PCR methods

Primers for different HSPs (HSP10: forward CCACTTCIACAAACAG, reverse
GTGATGCCAATAGGAGTG, product length 171; HSP17.2nfard
GTCGATGCAGTCAAACAG, reverse GCGTGCTCAGTTACTCTC, piuct length 99;
HSP40: forward CTCTGGGAAGCCATTACT, reverse TGAGAGEITTTCTCTCC,
product length 119; HSP90: forward GTCGATGCAGTCAAAG, reverse
GCGTGCTCAGTTACTCTC, product length 99; HSP70: fordva
CCAAGTCTTCGAGTGATC, reverse TCTGCTCAGACAACAGTC, mhact length 84;)
were used to validate EST dataMntardigradum heat shock proteins by PCR. The used
PCR protocol consists of a 8 minute denaturatiep at 94 °C, 35 cycles of 30 seconds
denatuaration (94 °C), 30 seconds annealing (5&A@)30 seconds elongation at 72 °C and a
final elongation at 72 °C for 10 minutes in a reattvolume of 20 pl 1 pl of cDNA was

added.



We used primer’ for the design of the oligonucleotides.

Sequence and domain analysis.

A number of different iterative sequence alignnyamoicedures and sequence analysis
methods was used as described previously (Gauderetal., 2006) including gene context,
interaction predictions, domain analysis and phgtagic tests. Similar sequences were
clustered by different methods, below CLANS clusigiand InParanoid clustering are
decribed in more detail, however other clustersmered included COG/KOG clustering, as
well as containing specific domains evident by Pfaembership and different domain
families according to Interpro and SMART.

Clustering using the CLANS method.

CLANS performed an all-against-all pairwise seq@ec@mparisons using TBLASTX.
Afterwards the similar proteins were clustered in&plying the CLANS meth&dwith a
cut-off E-value of 0.001. The program calculatesvpiae attraction values based on the HSP
P-values obtained from the BLAST-run. Finally thesters were identified using convex
clustering and NJ-trees with standard parameters.

Clustering using the Inparanoid method.

After all-against-all pairwise sequence compariamsing TBLASTX, the results of the
comparison were imported into InpararfGitbr prediction of orthologs within the ESTs. As
the EST sets cover a substantial fraction of ttewéed proteins but do not yet represent the
whole protein set of the compared tardigrades, alleat the orthologs given by Inparanoid
“shared candidate ortholog sequences” (scos) anckthaining sequences “candidate single
sequence ESTs”. The scos represent the lower bafuddntified orthologs, as further
identified proteins will certainly increase the noen of orthologs between the two
tardigrades.

Sequence comparisons to identify tardigrade protemand stress pathways



We conducted systematic sequence to sequence deamsastarting from verified
orthologous of a number of organisni ¢sophila melanogaster, Caenorhabditis elegans;
different plants; fungi; as well as vertebrates) ased these to screen tardigrade proteins for
similarity.

Good hits to stress proteins and best hits to LEgAgins were further examined for
functionality by a number of sequence analysis oeshncluding sensitive back-searctes
PROSITE motifs and domain compositian

Furthermore, we include a large-scale mappinglahalilable sequence data from

M. tardigradum andH. dujardini to clusters of orthologous groups found in complete
prokaryotic genomes (COG$, or complete eukaryotic genomes (KOGs). This asloov
directly predict individual protein functions antbgein families by comparing the sequence
to well established families from known genome seqes. The latest version (last major
update in 2008) of the COG/KOG database was’tised

Phylogenetic comparison of LEA proteins

LEA proteins fromH. dujardini andM. tardigradum were collected after the annotation of
ESTs. LEA sequences from other organisms wereatetlefrom NCBI. They were aligned
and distances calculated applying ClustalW. Boapssupport for the different branches were
calculated. The final unrooted tree (Fig. 4) wasndr using the software FigTree (version
1.2.3;http://tree.bio. ed. ac. uk/ sof tware/ figtree/).

Western Blotting

Total protein lysate fronvl. tardigradum (10 pg) was separated on a NuPABEB-12% Bis-
Tris mini gel (Invitrogen) using MES running buffék voltage of 200 was applied until the
bromophenol blue front had reached the bottom @fyél (approx. 40 cm). Separated proteins
were electro- transferred onto PVDF membrane fhilat maximum 50 mA (0.8/cin a
semi-dry transfer unit (Hoef8f TE 77) using the following transfer solution: centrated

anode buffer (300 mM Tris-HCI pH 10.4), anode buti&s mM Tris-HCI pH 10.4) and



cathode buffer (25 mM Tris-HCI pH 9.4, 40 mM amie&hnoic acid). The PVDF membrane
was incubated in blocking buffer containing 5% rianmilk, 0.1% Tween20 in PBS.
Detection of Hsp70 was carried out using anti Hs{&10 Biosciences Pharmingen) as
primary antibody and a horseradish peroxidase gatga anti mouse IgG (GE-Healthcare) as
secondary antibody. For detection of LEA proteugsused Ari LEA Ab as primary antibody
and a horseradish peroxidase conjugated anti-r&diBi{GE-Healthcare) as secondary
antibody. For molecular mass determination of #nget proteins on film ECL DualVue
marker (GE-Healthcare) was used. Immunoreactiondegected using the ECL Western
Blotting Detection kit (GE Healthcare). Images waoguired using an Image Scanner Model

UTA-1100 (Amersham Biosciences).

Supplementary data

Supplementary data is availablenat p: // t ar di gr ade. bi oapps. bi ozent rum uni -

wuer zbur g. de
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Figure Captions
Fig. 1. Sequence similar protein clusters iMilnesium tardigradum and Hypsibius

dujardini.

Top: Shared candidate orthologue sequences (sCOS), present in the H. dujardini and

M. tardigradumEST. The Venn diagram illustrates the results givenrparanoid. The left
and the right sequence sets show the candidatde ssefjluence ESTs favilnesium
tardigradum and Hypsibius dujardini. Between the two sCOS-sets are the shared caadidat
ortholog sequences (sCOS) froktilnesium tardigradum (left) and Hypsibius dujardini
(right). The number of shared orthologs is giverbiackets, above are given the number of
sCOS for both species. For a complete listing sg®lementary table 1ll on tardigrade
website.

Bottom: Number of clusters containing no less than tejusace similar proteins according

to CLANS clustering. The top 5 clusters fdilnesium tardigradum are: 1- Cytochrome p450
like (29 proteins), 2- no homology (26 proteins)Cathepsin like (18 proteins), 4- Rab
subfamily like (15 proteins), 5- Ras subfamily liKes proteins). Top 5 clusters foir

dujardini are: 1- no homology (28 proteins), 2- Chitin binglprotein like (23 proteins), 3-

Ras related proteins (23 proteins), 4- Cystatie (&2 proteins), 5-Glutathione S-transferase
like (20 proteins). Top 5 clusters shared by batdigrades are: 1- no homology

(52 proteins), 2- Ras subfamily like (46 proteirg&)Cathepsin like (38 proteins), 4- Chitin
binding protein like (36 proteins), 5-Cystatin lig proteins). Details and all found clusters

are given in supplementary material (S-Table | arcjhe tardigrade website.



Fig. 2. PCR validation of heat shock protein transgpts in Milnesium tardigradum and

H. dujardini. Shown are detected PCR bands using heat shockrpenteoding EST primers
as described in M&M. Lanes: (1) Hyperladder IV (Bie); (2) hsp10 (expected: 171 bp); (3)
hsp10 Non template control (NTC); (4) hsp20/301§89; (5) hsp20/30 NTC; (6) hsp40 (119
bp); (7) hsp40 NTC; (8)hsp70 (84 bp); (9) hsp70 NTXD) hsp90 (99 bp); (11) hsp90 NTC;

(12) Hyperladder IV (Bioline).

Fig. 3. Western blot of heat shock and LEA proteingn Milnesium tardigradum. The
presence of Hsp70 (middle panel) and LEA proteiigh{ panel) inMilnesium tardigradum
was confirmed by Western blot analysis using tireesponding antibodies. The ECL

DualVue size marker is shown on the left.

Fig. 4. Phylogenetic tree of different tardigrade LEA-like proteins. Besides several LEA
protein tardigrade sequences frétypsibius dujardini (13 proteins, redandRichtersius
coniferi (3 sequences, orange) all sequences from the Bgeohants for LEAL (blue), LEA2
(grey) and LEA4 (green) profile from PFAM are showE&A groups 3, 5, 6 are even less
related. Bootstrap values were tested but arehmtis here to prevent cluttering. The tree is

generated by Figtree (version 1.2.3).



Fig. 5.Bmh2 stress pathway is conserved in tardigrade¥he Bmh2 pathway was shown
to exist not only in vertebrates but also in y&ast is also conserved idypsibius dujardini

and Milnesiumtardigradum. Key regulators (bmh2, Sckl) as well as dependiatabolic
enzymes are indicated together with genbank idergiftop) comparing man, yeast and
Hypsibius dujardini. There are sequence similar candidate sequenckskit and Lcb2 in
Hypsibius dujardini, but it is not known which is regulated by bmh2Sek1. Trehalase has
not been found (question mark).Milnesium tardigradum only the two regulators, bmh2 and

Sckl have been identified.

Fig. 6. Comparison of COGs/KOGs forM. tardigradum, H. dujardini (Tardigrades),
H.sapiens and C. elegans (Nematodes). The Venn diagram depicts intersections of
COGs/KOGs between the two desiccation resistantaptardigrades and nematodes. (
elegans) versus H. sapiens. The numbers in brackets indicate COGs/KOGs thaé whown

to be also present in rotifers. For the comparaly COGs/KOGs were used that belong to
the functional groups [L]: Replication, recombimatiand repair, [V]: Defense mechanisms or
[O]: Posttranslational modification, protein turmoy chaperones. The COGs/KOGs with

descriptions can be found in supplementary TableoNlour tardigrade website.



Fig. 7. Comparison of COGs/KOGs specific for M. tardigradum, H. dujardini
(Tardigrades) and S. cerevisiae and S. pombe (Yeast). The Venn diagram compares the
specific COGs/KOGs only found in tardigrades to ceflular clusters of the yeasts
S cerevisiae and S. pombe. For the comparison only COGs/KOGs were used likling to
the functional groups [L]: Replication, recombimatiand repair, [V]: Defense mechanisms or
[O]: Posttranslational modification, protein turmoy chaperones. The COGs/KOGs with

descriptions can be found in supplementary TableoNlour tardigrade website.

Fig. 8. Tardigrade stress adaptation: Which are spafic, which are shared?Depicted are
predicted tardigrade specific protein familieshie tenter of the diagram and protein families
shared with other organisms (Top: Man and nematdd#s yeast § pombe, S. cerevisiae
right: rotifers; bottom: man, not in nematodes (NB:3-3-like proteins occur i€. elegans,

but their relation to the bmh2 pathway is not dlear



Tables

Table I. Regulatory Motifs found by UTR-Scan in 32@ Milnesium tardigradum unique

genes:
Motif Number of hits (Number of unique genes)
15-LOX-DICE 224 (218)

ADH_DRE 53 (52)

Brd-Box 107 (106)

CPE 37 (37)

GY-Box 98 (96)

IRE 4 (4)

IRES 1029 (1029)

K-Box 315 (295)

SECIS-1 4 (4)

SECIS-2 18 (18)

TGE 4 (4)

TOP 6 (6)




Table lla. Subset of important COGs/KOGs identifieduniquely in Hybsibius dujardini.
Overview: The entire set contains 44 COGs and 134 KOGstwétiollowing number of
COG-classes: 2[A] 1[AD] 26[C] 1[D] 11[E] 4[F] 3[G[GM] 1[GQO] 4[H] 7[I] 1[IG] 1[IO]

1[IR] 24[J] 1[K] 4[M] 1[N] 1[NU] 26[O] 2[P] 1[Q] 19R] 1[RP] 8[S] 11[T] 1[TUZ] 1[TZ]

7[U] 1[V] 2[W] 4[Z]. COGs/KOGs with two or more l&rs are assigned to several functional
classifications. The complete table can be fourttiénsupplementary table Ila on our
tardigrade website.

KOG4582:[R]Uncharacterized conserved protein, dostdZ-type Zn-finger (9)
KOGO0712:[O]Molecular chaperone (DnaJ superfamidy) (
KOGO0714:[O]Molecular chaperone (DnaJ superfamiy) (
KOGO0715:[O]Molecular chaperone (DnaJ superfamidy) (
KOGO0102:[O]Molecular chaperones mortalin/PBP74/GRRYSP70 superfamily (7)
KOG0691:[O]Molecular chaperone (DnaJ superfamify) (
KOG2835:[F]Phosphoribosylamidoimidazole-succinoocadmide synthase (6)
COGO0152:[F]Phosphoribosylaminoimidazolesuccinoceainade (SAICAR) synthase (5)
KOG0187:[J]40S ribosomal protein S17 (5)

COG0089:[J]Ribosomal protein L23 (4)

COG2007:[J]Ribosomal protein S8E (4)

COG0092:[J]Ribosomal protein S3 (3)

KOG1714:[J]60s ribosomal protein L18 (3)

KOG1768:[J]40s ribosomal protein S26 (3)

COGO0355:[C]FOF1-type ATP synthase, epsilon submitochondrial delta subunit) (2)
COGL1156:[C]Archaeal/vacuolar-type H+-ATPase subBn(2)
COG1997:[J]Ribosomal protein L37AE/L43A (2)

KOG0300:[S]WD40 repeat-containing protein (2)

KOGO0310:[S]Conserved WD40 repeat-containing prof2jn
KOG1235:[R]Predicted unusual protein kinase (2)
KOG3458:[CINADH:ubiquinone oxidoreductase, NDUFA&R/19 kDa subunit (2)




Table IIb. Important COGs/KOGs identified uniquely in Milnesium tardigradum.

Overview: The entire set contains 123 COGs and 497 KOQs tvé following number of
COG-classes: 13[A] 3[AJ] 6[B] 3[BK] 50[C] 1[CIQ] I®] 1[DL] 1[DN] 1[DO] 1[DR]

1[DZ] 14[E] 2[EI] 1[ET] 10[F] 34[G] 1[GMO] 10[H] 1HE] 24[I] 1[IE] 1[IOVE] 1[IT] 62[J]
30[K] 2[KL] 1[KLB] 1[KT] 16[L] 1[LR] 7[M] 1[MJ] 1[N ] 46[O] 1[ODR] 1[OK] 1[OKT]
1[OUT] 4[P] 3[PET] 1[PQ] 5[Q] 2[QR] 67[R] 1[RD] 1[RU] 63[S] 43[T] 1[TDK] 1[TR]

1[TU] 2[TV] 1[TZ] 38[U] 1[UQO] 1[UR] 7[V] 1|WT] 9[Z] . COGs with two or more letters are
assigned to several functional classifications. @bmplete list of all Milnesium specific
COGs/KOGs can be found in the supplementary tdbler our tardigrade website.



KOGO0660:[T]Mitogen-activated protein kinase (12)

KOG0666:[K]Cyclin C-dependent kinase CDKS8 (10)
KOG3381:[S]Uncharacterized conserved protein (6)
KOGO0472:[S]Leucine-rich repeat protein (5)

KOG0473:[S]Leucine-rich repeat protein (5)

COGO0271:[T]Stress-induced morphogen (activity umanp(4)
KOG1042:[D]Germ-line stem cell division protein HiRiwi; negative developmental
regulator (4)

KOG1685:[S]Uncharacterized conserved protein (4)
KOG2443:[S]Uncharacterized conserved protein (4)
KOG2989:[S]Uncharacterized conserved protein (4)

KOG3618:[R]Adenylyl cyclase (4)

KOG3737:[O]Predicted polypeptide N-acetylgalactosstiransferase (4)
KOG3738:[O]Predicted polypeptide N-acetylgalactosstiransferase (4)
COG0045:[C]Succinyl-CoA synthetase, beta subunit (2
COGO0074:[C]Succinyl-CoA synthetase, alpha sub®)it (
COG0386:[O]Glutathione peroxidase (2)

COGO0553:[KL]Superfamily Il DNA/RNA helicases, SNF&mily (2)
COG1278:[K]Cold shock proteins (2)

COG1758:[K]DNA-directed RNA polymerase, subunit Klega (2)
COGL1761:[K]DNA-directed RNA polymerase, subunitd) (
COG2012:[K]DNA-directed RNA polymerase, subunitRhoH/RPB5 (2)
COG4973:[L]Site-specific recombinase XerC (2)

COG4974:[L]Site-specific recombinase XerD (2)

KOGO0119:[A]Splicing factor 1/branch point bindingopein (RRM superfamily) (2)
KOGO0272:[A]JU4/U6 small nuclear ribonucleoproteirpBr(contains WD40 repeats) (2)
KOGO0388:[L]SNF2 family DNA-dependent ATPase (2)

KOG0389:[B]SNF2 family DNA-dependent ATPase (2)

KOGO0391:[R]SNF2 family DNA-dependent ATPase (2)

KOGO0392:[K]SNF2 family DNA-dependent ATPase domagontaining protein (2)
KOGO0557:[C]Dihydrolipoamide acetyltransferase (2)
KOGO0558:[C]Dihydrolipoamide transacylase (alphaskatid dehydrogenase E2 subunit) (2)
KOG0559:[C]Dihydrolipoamide succinyltransferaseof@glutarate dehydrogenase, E2
subunit) (2)

KOGO0607:[T]IMAP kinase-interacting kinase and ralaserine/threonine protein kinases (2)
KOGO0653:[D]Cyclin B and related kinase-activatingteins (2)
KOG0654:[D]G2/Mitotic-specific cyclin A (2)

KOGO0655:[D]G1/S-specific cyclin E (2)

KOGO0656:[D]G1/S-specific cyclin D (2)

KOGO0698:[T]Serine/threonine protein phosphatase (2)
KOGO0699:[T]Serine/threonine protein phosphatase (2)

KOGO0870:[K]DNA polymerase epsilon, subunit D (2)

KOG1002:[L]Nucleotide excision repair protein RAD{®H
KOG1088:[S]Uncharacterized conserved protein (2)

KOG1435:[IT]Sterol reductase/lamin B receptor (2)

KOG1679:[l]Enoyl-CoA hydratase (2)

KOG1680:[l][Enoyl-CoA hydratase (2)

KOG1681:[l][Enoyl-CoA isomerase (2)

KOG1716:[V]Dual specificity phosphatase (2)

KOG1717:[V]Dual specificity phosphatase (2)

KOG1718:[V]Dual specificity phosphatase (2)

KOG1766:[R]Enhancer of rudimentary (2)

KOG1863:[O]Ubiquitin carboxyl-terminal hydrolase) (2
KOG1864:[O]Ubiquitin-specific protease (2)

KOG1868:[O]Ubiquitin C-terminal hydrolase (2)
KOG1873:101Ubiauitir-specific protease (



Table llc. Subset of important COGs/KOGs identified both inHybsibius dujardini and
Milnesium tardigradum. The entire set contains 129 COGs and 606 KOGstiHollowing
number of COG-classes: 42[A] 2[AJ] 1[AR] 6[B] 1[BK]BL] 51[C] 1[CD] 1[CP] 1[CR]
9[D] 1[DKL] 2[DO] 1[DR] 2[DT] 1[DZ] 9[E] 1[EG] 1[EM] 5[F] 1[FGR] 10[G] 1[GT] 6[H]
1[HC] 19[1] 1[IE] 1[IQR] 1[IT] 1[IU] 127[J] 1[ID] 21[K] 4[L] 1[LKJ] 2[M] 2[MG] 129[O]
3[OC] 1]OE] 1[OR] 1[OT] 1[OUT] 12[P] 1[PT] 15[Q] 1I] 72[R] 1[RT] 1[RTKL] 1[RV]
17[S] 57[T] 2[TR] 2[TU] 1[TUZ] 2[TZ] 1[TZR] 38[U] JUR] 1[UT] 1[UZ] 6[V] 26[Z]

1[ZD]. COGs/KOGs with two or more letters are assigjto several functional
classifications. The complete table can be fourttiénsupplementary table lic on our
tardigrade website.

COG5272:[0O]Ubiquitin (31/16)

KOGO0001:[OR]Ubiquitin and ubiquitin-like protein81/16)
KOGO0003:[J]Ubiquitin/60s ribosomal protein L40 fosi(31/16)
KOG0004:[J]Ubiquitin/40S ribosomal protein S27aifuns(31/16)
KOGO0005:[DO]Ubiquitin-like protein (31/16)

KOG0881:[O]Cyclophilin type peptidyl-prolyl cis-tna isomerase (6/12)
COG0149:[G]Triosephosphate isomerase (3/2)

KOG0266:[R]JWD40 repeat-containing protein (3/5)
KOGO0329:[A]JATP-dependent RNA helicase (3/8)
COGO0451:[MG]Nucleoside-diphosphate-sugar epimer¢&d$
KOG0543:[O]FKBP-type peptidyl-prolyl cis-trans isenase (3/1)
KOG0549:[O]FKBP-type peptidyl-prolyl cis-trans isenase (3/2)
KOGO0730:[O]JAAA+-type ATPase (3/10)

KOGO0332:[A]JATP-dependent RNA helicase (2/6)
KOGO0336:[A]JATP-dependent RNA helicase (2/6)

KOGO0727:[0]26S proteasome regulatory complex, AEFRBT3 (2/10)
KOG0658:[G]Glycogen synthase kinase-3 (1/8)

KOGO0731:[O]AAA+-type ATPase containing the peptiedd41 domain (1/9)
KOGO0734:[O]AAA+-type ATPase containing the peptiddd41 domain (1/8)
KOGO0735:[0O]JAAA+-type ATPase (1/8)

KOGO0736:[O]Peroxisome assembly factor 2 containigAAA+-type ATPase domain (1/4)
KOGO0737:[O]JAAA+-type ATPase (1/6)

KOGO0739:[O]JAAA+-type ATPase (1/4)

KOGO0751:[C]Mitochondrial aspartate/glutamate carpiotein Aralar/Citrin (contains EF-
hand Ca2+-binding domains) (1/1)

KOG0923:[A]ImRNA splicing factor ATP-dependent RNAlitase (1/2)
KOG0924:[AJmRNA splicing factor ATP-dependent RNAlitase (1/2)
KOG0925:[AImRNA splicing factor ATP-dependent RNAlitase (1/2)
KOG0934:[U]Clathrin adaptor complex, small subyai6)
KOGO0935:[U]Clathrin adaptor complex, small suby@n6)
KOG0936:[U]Clathrin adaptor complex, small subyai6)
KOGO0983:[T]Mitogen-activated protein kinase (MAPkihase MKK7/JNKK2 (1/2)
KOG2733:[S]Uncharacterized membrane protein (1/2)
KOG3098:[S]Uncharacterized conserved protein (1/2)
KOG4431:[R]Uncharacterized protein, induced by hypo(1/2)
KOG4604:[S]Uncharacterized conserved protein (1/2)




Table Ill. Enzymes in metabolic pathways predictedo be present inHybsibius dujardini
and Milnesium tardigradum according to the EST data

Hybsibius dujardini

Milnesium tardigradum

Glycolysis / Gluconeogenesis

Glycolysis / Gluconeotgsis

ec:1.2.4.1 pyruvate dehydrogenase (acetyl- ec:1.2.1.12 glyceraldehyde-3-phosphate

transferring)

ec:1.1.1.2 alcohol dehydrogenase (NADP+)

ec:2.7.2.3 phosphoglycerate kinase
ec:5.3.1.1 triose-phosphate isomerase

ec:4.1.2.13 fructose-bisphosphate aldolase

ec:1.2.1.12 glyceraldehyde-3-phosphate
dehydrogenase (phosphorylating)

ec:1.1.1.27 L-lactate dehydrogenase

Starch and sucrose metabolism
ec:3.6.1.-

ec:2.4.1.11 glycogen(starch) synthase
ec:2.7.7.9 UTP---glucose-1-phosphate
uridylyltransferase

ec:4.1.1.35 UDP-glucuronate decarboxylase

ec:3.2.1.4 cellulase

ec:3.2.1.1 alpha-amylase

Fatty acid biosynthesis
ec:3.1.2.-

Arachidonic acid metabolism
ec:5.3.99.2 prostaglandin-D synthase
ec:1.14.14.1 unspecific monooxygenase
ec:3.1.1.4 phospholipase A2
ec:1.13.11.-

ec:3.3.2.10 soluble epoxide hydrolase

Aminophosphonate metabolism
ec:2.1.1.-

Fatty acid elongation in mitochondria

ec:2.3.1.16 acetyl-CoA C-acyltransferase

dehydrogenase (phosphorylating)
ec:5.3ribde-phosphate isomerase
ec:6.2.1.1taeet@oA ligase
ec:1.1doballdehydrogenase
ec:3.glsphoglucomutase

ec:1.1.1.27 L4dactahydrogenase
ec:1.2.1.3 aldehyde dehydrogenase
(NAD+)
ec:4.2.1.11 phosphopyruvate hydratase
ec:1.1.1.2 alcohol dehydrogenase
(NADP+)

ec:5.3.1.9 glucose-6-phosphate isomerase

Starch and sucrose tabolism
ec:3.6.1.-
ec:3.2. 1@ alucosidase
ec:3.2.1.39 glucan endo-1,3-beta-D-
glucosidase
ec:3.2lpha-amylase
ec:5.4.2.2 phosphoglucomutase
ec:2.7.1.106 glucose-1,6-bisphosphate
synthase

ec:5.3.1.9 glucose-6-phosphate isomerase

Fatty acid biosynthesis
ec:3.1.2.-
ec:1.3.1.-

Arachidonic acid metabtsm
ec:1.14.dspecific monooxygenase
ec:3.1.1lo4pitolipase A2

ec:5.3.99.2 prostagiadbasynthase
ec:3.3.2.6 leukotriene-A4 hydrolase
ec:1.11 [uthione peroxidase
ec:2.3.2.2 gamma-glutamyltransferase
ec:5.3.99.5 thromboxane-A synthase

Aminophosphonate metaliem
ec:2.1.1.-

Fatty acid ebngation in mitochondria
ec:1.1.1.35 3-hydroxyacyl-CoA
dehydrogenase



ec:3.1.2.22 palmitoyl[protein] hydrolase

ec:4.271ehoyl-CoA hydratase

ec:1.1.1.35 3-hydroxyacyl-CoA dehydrogenase

Fatty acid metabolism
ec:1.14.14.1 unspecific monooxygenase

ec:2.3.1.16 acetyl-CoA C-acyltransferase

Fatty acid metabolism

ec:1.14uspecific monooxygenase
ec:1.1.1.35 3-hydroxyacyl-CoA
dehydrogenase

ec:1.1.1.35 3-hydroxyacyl-CoA dehydrogenase1.1.1.1 alcohol dehydrogenase

Linoleic acid metabolism

ec:1.1.1.-

ec:1.14.14.1 unspecific monooxygenase
ec:3.1.1.4 phospholipase A2

Glycerophospholipid metabolism
ec:2.3.1.51 1-acylglycerol-3-phosphate O-
acyltransferase

ec:2.7.1.82 ethanolamine kinase
ec:2.3.1.6 choline O-acetyltransferase

ec:2.3.1.-
ec:3.1.1.7 acetylcholinesterase

ec:3.1.1.4 phospholipase A2

Sphingolipid metabolism
ec:1.14.-.-

ec:3.5.1.23 ceramidase
ec:2.4.1.-

ec:3.1.3.-

Biosynthesis of steroids

ec:5.3.3.8 dodecenoyl-CoA isomerase
ec:6.2.1.3 long-chain-fatty-acid---CoA
ligase

ec:1.3.99.7 glutaryl-CoA dehydrogenase
ec:1.3.99.2 butyryl-CoA dehydrogenase
ec:4.2.1.17 enoyl-CoA hydratase
ec:1.2.1.3 aldehyde dehydrogenase
(NAD+)

Synthesis and degradation of ketone
bodies

ec:2.3.3.10 hydroxymethylglutaryl-CoA
synthase

Linoleic acid metabolism
ec:1.14.14.1 unspecific monooxygenase
ec:3.1.lo4polipase A2
ec:1.1.1.-

Glycerophospholipidnetabolism

ec:3.1.3.4 phosphatidate phosghatas
ec:3.1.1.4 phowgatsal A2
ec:3.1.Hogpholipase D
ec:1.1.1.8 glycerol-3-phosphate
dehydrogenase (NAD+)
ec:2.3.1.-
ec:2.3.1.51 1-acylglycerol-3-phosphate O-
acyltransferase
ec:2.7.1.82 ethanolamine kinase

Sphingolipid metabolism
ec:3.1.3.-
ec:3.1.3.4 phosphatidaspphtase

ec:3.5.1.23 ceramidase
ec:1.14.-.-

ec:3.2.1.23 beta-galactosidase

ec:3.1.4.12 sphingomyelin

phosphodiesterase

ec:2.4.1.-

ec:3.1.3.-

Biosynthesis of steroids



ec:5.3.3.2 isopentenyl-diphosphate Delta-
isomerase

Terpenoid biosynthesis
ec:5.3.3.2 isopentenyl-diphosphate Delta-
isomerase

Carotenoid biosynthesis
ec:1.14.-.-

ec:1.14.99.-

ec:2.3.1.-

ec:.2.4.1.-

ec:l.-.-.-

ec:2.1.1.-

Ether lipid metabolism

ec:2.3.1.51 1-acylglycerol-3-phosphate O-
acyltransferase

ec:2.3.1.-

ec:3.1.3.-

ec:3.1.1.4 phospholipase A2

Bile acid biosynthesis
ec:1.1.1.-
ec:2.3.1.16 acetyl-CoA C-acyltransferase

ec:1.14.21.6 lathosterol oxidase
ec:5.3.3.2 isopentenyl-diphosphate Delta-
isomerase
ec:1.1.1.170 sterol-4alpha-carboxylate 3-
dehydrogenase (decarboxylating)
ec:1.3.1.-
ec:2.7.4.2 phosphomevalonate kinase
ec:1.3.1.21 7-dehydrocholesterol reductase
ec:1.14.13.72 methylsterol
monooxygenase
ec:2.5.1.10 geranyltranstransferase
ec:5.3.3.5 cholestenol Delta-isomerase

Terpenoid biosynthesis
ec:5.3.3.2 isopentenyl-diphosphate Delta-
isomerase
ec:2.5.1.10 geranyltranstransferase

Carotenoid biosynthesis
ec:2.1.1.-
ec:1.14.-.-

Ether lipid metabolism

ec:3.1.3.-
ec:3.1.3.4 phosphatidate phosphatase
ec:3.1.1.4 phospholipase A2
ec:3.1.1.47 1-alkyl-2-
acetylglycerophosphocholine esterase
ec:3.1.4.4 phospholipase D
ec:2.3.1.-
ec:2.3.1.51 1-acylglycerol-3-phosphate O-
acyltransferase
ec:3.1.4.39 alkylglycerophosphoethanol-
amine phosphodiesterase
ec:3.1.3.-

Bile acid biosynthesis
ec:1.1.1.-
ec:1.lalkdhol dehydrogenase

ec:3.1.1.13 sterol esterase
ec:1.3.99.5 3-oxo-5alpha-steroid 4-
dehydrogenase
ec:1.2.1.3 aldehyde dehydrogenase
(NAD+)
ec:1.14.13.15 cholestanetriol 26-



monooxygenase

Retinol metabolism Retinol metabolism
ec:1.1.1.- ec:1.14.14.1 unspecific monooxygenase
ec:1.14.14.1 unspecific monooxygenase ec:l.1.-.-
ec:3.1.1.- ec:3.1.1.-
ec:l.1.-.- ec:l1.1.1.-
ec:2.3.1.20 diacylglycerol O-acyltransferase ecilllalcohol dehydrogenase
alpha-Linolenic acid metabolism alpha-Linolenic aal metabolism
ec:3.1.2.- ec:3.1.1.4 phospholipase A2
ec:2.3.1.16 acetyl-CoA C-acyltransferase ec:l.-.-.-

ec:1.1.1.35 3-hydroxyacyl-CoA
ec:l.-.-.- dehydrogenase
ec:3.1.1.4 phospholipase A2 ec:3.1.2.-

ec:1.1.1.35 3-hydroxyacyl-CoA dehydrogenase4.2.1.17 enoyl-CoA hydratase




Table IVa. Specific stress pathway proteins predied to be present irHypsibius
dujardini according to the analyzed EST data.*

DNA repair e.g. MutS (gb|CD449386.1)

LEA proteins e.g. gh|CK325833.1

DNA protection (RNA helicase) e.g. gh|CD449793.1

Redox protection (peroxidase and e.g. gh|CK326879.1 and e.g.

superoxid dismutage gb|CK326506.1

Heat shock proteins e.g. gb|CF544577.1, gb|AAQ94878.1,
gb|CD449707.1

Aquaporins e.g gh|CD449847.1

Not detected: - pigments, - anti-freeze

protein

Key examples; more information irsupplementary table Va on our tardigrade website

Table IVb. Specific stress pathway proteins preQicetd to be present inMilnesium
tardigradum according to the translated EST data

DNA repair DNA repair protein RAD51, DnaJ
Family
DNA protection (RNA helicase) e.g. Helicase_C, DEABRTP-

dependent RNA helicase,
Spliceosome RNA helicase BAT1,
Peroxiredoxin-5, Redoxin

Redox protection (superoxid dismutase agg. Superoxide dismutase [Cu-Zn],

peroxidase) Sod_Cu, AhpC-TSA,
Peroxiredoxin-1,-2,-4,-6

Heat shock proteins e.g. Heat shock protein 90, HEP
HSP 20, HSP 30

Cold shock protein Cold shock-like protein cspC

Membrane permeability e.g. MIP (Major Intrinsic Bin),

Aquaporin-9, -10
Not detected: - pigments, - anti-freeze
protein

Key examples; more information irsupplementary table Vb on our tardigrade website

Table IVc. Specific stress pathways derived from mteins predicted to be present iM.
tardigradum

Bmh2 pathway Bmh2 (key regulator), Sckl (key regulator),
Lcbl (depending enzymeg)
Lch2 (depending enzymigfig.5)°

Major DNA repair pathways

NHEJ (non-homologous end joining): Rad50 (regulatsgpponse)

HRR (homologous recombination): RuvB, Rad51, Ra@équlated responses)
MMR (mismatch repair): MutS, PCNA (regulated resgpmn

NER (nucleotide excision repair): Rad23 (regulat=sponses)

BER (base excision repair): XRCC1 (regulated resppn

Heat- shock response (HSR) pathways 10 kDa GroES/Hsp10 (regulated response)
20-30 kDa GrpE/Hsp27, Hsp20 (interaction
partner
of Mef2)*?




LEA pathways
HOG signal pathway:

No Plant ABA responsive pathway:

Protective pathways

RNA helicase:
DNA helicase:

40 kDa DnaJ/Hsp40 (regulated response,
stimulates

Hsp70)

70 kDa DnaK/Hsp70 (regulated response)
90 kDa HtpG/Hsp90 (regulated response)
Mef2 (key regulator), GAPDH (depending
enzyme

HSBP1 (regulator of TF HSF1)

LEA

Hspl2; PBS2, HOG1 and
PKA (regulators of Hsp12 i8. cerevisiae, found
in
tardigradesy %

vpl, vp5 (reguigia Z. mays, A. thaliana, not

found in tardigrades)
B15C (peroxiredoxin), Rab 16 (rice, maize,
barley,
not found in tardigrade®)
abi3 (A. thaliana, TF: regulates ABA-responsive
genes,
not found in tardigrade$) °®

SOD (enzyme), Prx-1,-2,-4,-6 (regulated enzyme
by StRE)
AP-1 and Nrf2 (redox regulated TFs for StRE,
Nrf2 was not found, but its inhibitor INrf®)
cgh-1, BAT1, BRR2 FAL1 (regulated
responses)

HelicaseC, RADSTIP49 (regulated responses)

“identified in KOGs/COGs, see supplementary tabtenlbur tardigrade websité.cb was
found, but it is not clear which EST is Lcbl andiethLcb2
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Tardigrades
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0i:530353

I i:5803225

Lcb1

I 0i:683696
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Bmh2

0i:4758668

gi:1431513
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[ 4i:1136302

0i:37212468

Sck1
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[ 0i116284412

[ gi-1711665
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Trehalase

(neutral, others)
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Tardigrades H. sapiens

C. elegans

Tardigrades (81) Yeast

46

97



Basic protection,
e.g. ABC transporters,
Zn proteases, Shared with
DnaJ-class chaperonins, yeast
glutathion peroxidase,
ubiquitin, Bmh2 pathway

Ubiquitin-like proteins, 20S proteasome,
chaperonin complex, ubiquitin protein
ligase, 26S proteasome regulatory
complex, thioredoxin-like protein,
AAA+-type ATPase, DNA repair
protein (RAD51/RHP55)

Shared with
man and
nematodes

Tardigrade adaptions

DNA protection (MutS, DnaJ family,
heli re bi ), RNA protecti
(helicases), Redox protection (strong;
glutaredoxin-related proteins), aquaporins,
LEA proteins, Heat shock proteins (hsp70),
protein turnover and integrity

(e.g. molecular chaperons)

Shared with
rotifers only

Metabolic adaptions (beyond central
pathways): Trehalose (Richtersius coronifer,
not Milnesium), Bile acid biosynthesis,
ether lipid metabolism, Terpenoids

Shared
with man,
not in
nematodes

Bmh2 pathway
DNA repair (RHP57)
Proteasome maturation factor

Hsp90 chaperonin
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Proteomic analysis of tardigrades:
towards a better understanding of
molecular mechanisms by anhydrobiotic
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Abstract

Background: Tardigrades are small, multicellular invertebrates which are able to survive times of unfavourable
environmental conditions using their well-known capability to undergo cryptobiosis at any stage of their life cycle.
Milnesium tardigradum has become a powerful model system for the analysis of cryptobiosis. While some genetic
information is already available for Milnesium tardigradum the proteome is still to be discovered.

Principal Findings: Here we present to the best of our knowledge the first comprehensive study of Milnesium tardigradum
on the protein level. To establish a proteome reference map we developed optimized protocols for protein extraction from
tardigrades in the active state and for separation of proteins by high resolution two-dimensional gel electrophoresis. Since
only limited sequence information of M. tardigradum on the genome and gene expression level is available to date in public
databases we initiated in parallel a tardigrade EST sequencing project to allow for protein identification by electrospray
ionization tandem mass spectrometry. 271 out of 606 analyzed protein spots could be identified by searching against the
publicly available NCBInr database as well as our newly established tardigrade protein database corresponding to 144
unique proteins. Another 150 spots could be identified in the tardigrade clustered EST database corresponding to 36 unique
contigs and ESTs. Proteins with annotated function were further categorized in more detail by their molecular function,
biological process and cellular component. For the proteins of unknown function more information could be obtained by
performing a protein domain annotation analysis. Our results include proteins like protein member of different heat shock
protein families and LEA group 3, which might play important roles in surviving extreme conditions.

Conclusions: The proteome reference map of Milnesium tardigradum provides the basis for further studies in order to
identify and characterize the biochemical mechanisms of tolerance to extreme desiccation. The optimized proteomics
workflow will enable application of sensitive quantification techniques to detect differences in protein expression, which are
characteristic of the active and anhydrobiotic states of tardigrades.
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Introduction

Many organisms are exposed to unfavourable, stressful environ-
mental conditions, either permanently or for just certain periods of
their lives. To survive these extreme conditions, they possess
different mechanisms. One of amazing adaptation is anhydrobiosis
(from the Greek for “life without water”), which has puzzled
scientists for more than 300 years. For the first time the Dutch
microscopist Anton van Leeuwenhoek (1702) gave a formal
description of this phenomenon. He reported the revival of
“animalcules” from rehydrated moss samples. In extreme states of
dehydration, anhydrobiotic invertebrates undergo a metabolic
dormancy, in which metabolism decreases to a non-measurable
level and life comes to a reversible standstill until activity is resumed

@ PLoS ONE | www.plosone.org

under more favourable conditions [1]. One of the best known
anhydrobiotic organisms are tardigrades. Tardigrades remain in
their active form when they are surrounded by at least a film of
water. By loosing most of their free and bound water (>95%)
anhydrobiosis occurs [2]. Tardigrades begin to contract their bodies
and change their body structure into a so-called tun state (Figure 1).
In the dry state these organisms are highly resistant to environ-
mental challenge and they may remain dormant for a long period of
time. Based on their amazing capability to undergo anhydrobiosis,
tardigrades colonise a diversity of extreme habitats [3], and they are
able to tolerate harsh environmental conditions in any develop-
mental state [4]. Possessing the ability to enter anhydrobiosis at any
stage of life cycle, tardigrades can extend their lifespan significantly
[4,5]. Additionally, in the anhydrobiotic state, tardigrades are

March 2010 | Volume 5 | Issue 3 | €9502



Active

Figure 1. SEM images of M. tardigradum in the active and tun
state. Tardigrades are in the active form when they are surrounded by
at least a film of water. By loosing most of their free and bound water
(>95%) anhydrobiosis occurs. Tardigrades begin to contract their
bodies and change their body structure into a so-called tun.
doi:10.1371/journal.pone.0009502.9001

extraordinary tolerant to physical extremes including high and
subzero temperatures [6,7,8], high pressure [6,9], and extreme
levels of ionizing radiation [10,11]. Interestingly, tardigrades are
even able to survive space vacuum (imposing extreme desiccation)
and some specimens have even recovered after combined exposure
to space vacuum and solar radiation [12].

Anhydrobiosis seems to be the result of dynamic processes and
appears to be mediated by protective systems that prevent lethal
damage and repair systems. However, the molecular mechanisms
of these processes are still poorly understood. Up to now
investigations of mechanisms of desiccation tolerance have focused
mainly on sugar metabolisms, stress proteins and a family of
hydrophilic proteins called LEA (late embryogenesis abundant).
The presence of non-reducing trehalose and its expression during
anhydrobiosis has been reported for different anhydrobiotic
species [13,14], which indicates the important role of trehalose
in anhydrobiosis. However, the existence of anhydrobiotic animals
that exhibit excellent desiccation tolerance without having
disaccharides in their system [15,16] shows that sugars alone do
not sufficiently explain these phenomena.

Mulnesium tardigradum Doyére (1840) is a very well known species
of carnivorous tardigrade. Different aspects of the life history of
this species have been already described [17]. While some genetic
studies of M. tardigradum exist [18] almost nothing is known about
the proteome. Partial sequences of three heat shock protein (hsp70
family) genes and the housekeeping gene beta-actin have been
described [18] and the relation of hsp70 expression to desiccation
tolerance could be shown by real time PCR [18] and by de novo
protein synthesis [6]. Since no trehalose could be detected in M.
tardigradum [19], investigating proteins and posttranslational
modifications is of particular importance to clarify surviving
mechanisms during desiccation.

To gain insight into the unique adaptation capabilities of
tardigrades on the protein level we aimed to establish a
comprehensive proteome reference map of active M. tardigradum
employing optimized protocols for protein extraction, generation
of high-resolution 2D gels and high-throughput protein identifi-
cation by electrospray ionization tandem mass spectrometry (ESI-
MS/MS). The proteome reference map of M. tardigradum provides
the basis for further studies in order to understand important
physiological processes such as anhydrobiosis and stress resis-
tance. The optimized proteomics workflow will enable applica-
tion of sensitive quantification techniques to detect differences in
protein expression, which are characteristic of active and
anhydrobiotic states. Thus, our proteomic approach together
with in-depth bioinformatic analysis will certainly provide
valuable information to solve the over 300 years existing puzzle
of anhydrobiosis.

@ PLoS ONE | www.plosone.org
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Results

Preparation of Protein Extracts from Active Tardigrades

To establish and optimize a reliable and robust protocol for the
extraction of proteins from tardigrades in the active state we
applied different workup protocols and evaluated them by one-
dimensional (1D) gel electrophoresis. Figure 2 shows the
separation of protein extracts from whole tardigrades without
any precipitation step (lane 2), after trichloroacetic acid/acetone
precipitation (lane 3), after chloroform/methanol precipitation
(lane 4) and after using a commercially available clean-up kit (lane
5). When using trichloroacetic acid/acetone precipitation we lost
many proteins especially in the low molecular weight range.
Chloroform/methanol precipitation and application of clean-up
kit delivered satistying results but also using the whole protein
lysate directly without any further purification resulted in high
yields across the entire molecular weight range. This workup
protocol was therefore used throughout our proteome study. To
evaluate the quality of our protocol especially with respect to
proteolysis we performed Western blot analysis to detect any
protein degradation. Since no proteins have been identified so far,
we have chosen two polyclonal antibodies directed against the
highly conserved proteins actin and alpha-tubulin. As shown in
Figure 3A and 3B both proteins could be detected at their
expected molecular weight at approx. 40 and 50 kDa, respectively,
which is in agreement with the protein bands of the control lysate
of HeLa cells. Importantly, no protein degradation could be
observed during our sample preparation.

Two Dimensional Gel Electrophoresis (2-DE)

The establishment of an optimized workup protocol was a
prerequisite for high quality 2D gels from tardigrades in the active
state. The proteomics workflow is depicted in Figure 4. One
important step in the workflow is the collection and preparation of
the samples. To avoid contamination with food-organisms,
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Figure 2. Comparison of different workup protocols for M.
tardigradum. Total protein extract of tardigrades in the active state was
separated on a one-dimensional polyacrylamide gel. Lane 1: Rainbow
molecular weight marker. Lane 2: Protein extract of whole tardigrades
without any precipitation step. Lane 3: Protein extract after TCA
precipitation. Lane 4: Protein extract after chloroform/methanol
precipitation. Lane 5: Protein extract using clean-up kit.
doi:10.1371/journal.pone.0009502.9002
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Figure 3. Analysis of protein degradation in total protein
extracts of tardigrades by Western blot analysis. Actin (A) and
alpha tubulin (B) were used as marker proteins for the detection of
proteolysis. Lane 1A and 1B: DualVue Western blotting marker. Lane 2A
and 2B: Total protein extract of Hela cells as control. Lane 3A and 3B:
Total protein extract of M. tardigradum. Notably, no protein degrada-
tion was observed during the workup procedure.
doi:10.1371/journal.pone.0009502.g003

tardigrades were washed several times and starved over 3 days.
Direct homogenization and sonication of deep-frozen tardigrades
in ice cold lysis buffer without any previous precipitation step
yielded protein extracts which were separated by high resolution
2D gel electrophoresis. For maximal resolution of protein spots
and high loading capacity (330 ug proteins) we used pl 3—11 NL
strips (24 cm) for the first dimension. Thus, high resolution
separation could be achieved in the acidic as well as in the basic
pH range as shown in the image of the silver stained preparative
gel of whole protein extract (Figure 5).

Approximately 1000 protein spots were automatically detected
on the 2D gel image using the Proteomweaver image software. A
total of 606 protein spots were picked from the silver stained gel.
These spots were digested with trypsin and after extraction of the
tryptic peptides from the gel plugs peptide mixtures were analyzed
by nanoLC-ESI-MS/MS.

Protein Identification

Identification of proteins depends on the representation of the
sequence or a close homologue in the database. Since almost no
genome or EST sequences of M. tardigradum are available to date in
public databases we initiated the tardigrade EST sequencing
project as outlined in figure 4 (Mali et al, submitted data). A cDNA
library was prepared from tardigrades in different states (active,
inactive, transition states). The cDNAs were sequenced as ESTSs
and clustered. Thereby, we obtained a nucleotide database
containing 818 contigs and 2500 singlets. cDNA sequencing and
generation of EST's are still ongoing, thus the sequence coverage of
M. tardigradum in the database is incomplete.

For protein identification we used the following databases: the
database of M. tardigradum containing the clustered ESTs as
outlined above, the tardigrade protein database, which was
translated from the clustered EST database and thus represents
a subdatabase containing only annotated proteins with known
function and the publicly available NCBInr database. The selected
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Experimental Workflow

Sequencing of the
cDNA as ESTs

Sample Preparation:

Collection and Sonication
of Tardigrades in Lysis
Buffer

Determination of
Protein Concentration

Clustering of ESTs

Separation by
2D Gel Electrophoresis

Clustered EST
| Database from
Milnesiuny

Gel Staining and
tardigradum

Spot Detection
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annotated Proteins of unannotated Proteins

I Protein Domain Analysis

Figure 4. The experimental workflow to developing the
proteome map. Tardigrades were sonicated directly in lysis buffer.
Total protein extracts were separated by two-dimensional gel
electrophoresis. After silver staining protein spots were picked and in-
gel digested with trypsin. MS/MS data obtained by LC-ESI-MS/MS
analysis were searched against the NCBInr database, the clustered
tardigrade EST database and the tardigrade protein database. Identified
proteins with annotation were classified in different functional groups
using the Blast2GO program. Identified proteins without annotation
were analysed with the DomainSweep program to annotate protein
domains.

doi:10.1371/journal.pone.0009502.g004

606 spots from the 2D gel correspond to some highly expressed
proteins, but mostly to spots in the medium and low expression
range. A total of 271 spots could be identified from the tardigrade
protein and the NCBInr databases. Figure 6 demonstrates how
identified proteins are distributed among these two databases. 56
unique proteins were successfully identified by searching the
NCBInr database. It concerns proteins which are either highly
conserved among different species e. g. actin or protein entries
from M. tardigradum which are already available in the NCBInr
database e.g. elongation factor l-alpha. Further 73 unique
proteins could be identified by searching the tardigrade protein
database and another 15 unique proteins were present in both
databases. Identical proteins that were identified from several spots
were included only once in the statistics to avoid bias. Thus, the
combination of the two databases was sufficient for the
identification of 144 unique proteins. The corresponding protein
spots are indicated by green circles in the 2D reference map shown
in Figure 5. Table 1 shows an overview of identified proteins with
annotation in different functional groups. In addition, detailed
information about each of the identified 144 proteins including
spot number, protein annotation, accession number (NCBInr and
Tardigrade specific accession number), total protein score, number
of matched peptides, peptide sequence and sequence coverage is
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O Not identified

»

Figure 5. Image of a preparative 2D-gel with selected analysed protein spots. Total protein extract of 400 tardigrades in the active state
corresponding to 330 ug was separated by high resolution two-dimensional gel electrophoresis. Proteins were visualised by silver staining. Three
different categories are shown: Identified proteins with functional annotation are indicated in green, identified proteins without annotation are

indicated in blue and not yet identified proteins are indicated in red.
doi:10.1371/journal.pone.0009502.g005

listed in Table 2. The individual ion score is included in brackets at
the end of every peptide sequence. Following ion scores indicate a
significant hit (p<<0.05): >53 for NCBInr searches, >14 for
searches in the tardigrade protein database and >27 by searching
the EST clustered database. Identical proteins identified in
different spots are listed only once in Table 2. In these cases the
spot with the highest protein score (in bold) is ranked at the top
whereas the other spots are listed below. All further information
such as accession numbers, peptide sequences and sequence
coverage refer to the top-ranked spot.

The 15 proteins which were identified in both databases are
indicated with asterisk (e.g. spot A30%) and both accession
numbers are listed. In these cases the listed peptide sequences
belong to the hit with the highest score. Protein spots below the
bold one are marked with °, when only found in the NCBInr

@ PLoS ONE | www.plosone.org

database or marked with », when only found in the tardigrade
protein database.

Furthermore we were able to identify additional 150 protein
spots by searching MS/MS data in the clustered EST database of
M. tardigradum. These 150 proteins correspond to 36 unique contigs
and ESTs. The protein information is listed in Table 3 and the
protein spots are indicated by blue circles in the 2D reference map
(Figure 5). Unfortunately, it was not possible to annotate them
when performing a BLAST search. For these proteins of unknown
function more information could be obtained by applying protein
domain annotation methods. We ran all proteins through the
DomainSweep pipeline which identifies the domain architecture
within a protein sequence and therefore aids in finding correct
functional assignments for uncharacterized protein sequences. It
employs different database search methods to scan a number of
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Figure 6. Comparison of database performance for protein
identification. Protein spots were analysed by nanoLC-ESI-MS/MS and
searched against the NCBInr database and the tardigrade protein
database. The diagram illustrates the number of positive identifications
in the respective database and the overlap between the two databases.
doi:10.1371/journal.pone.0009502.9006

protein/domain family databases. 2 out of the 36 unique proteins
gave a significant hit, whereas 28 proteins were listed as putative
and 6 proteins gave no hit at all.

In addition, we analyzed further 185 protein spots, which are
indicated with red colour in Figure 5. Despite high quality MS/
MS spectra, it was not possible to identify these protein spots in
either of the databases used in our study.

In summary, we identified 421 (69.5%) out of 606 protein spots
which were picked from the preparative 2D gel. 271 spots yielded
144 unique proteins with distinct functions whereas 150 spots were
identified as proteins with yet unknown functions.

Functional Assignment of Proteins

The 144 unique proteins with annotation were further analysed
using the Blast2GO program, which provides analysis of sequences
and annotation of each protein with GO number to categorize the
proteins in molecular function, biological process and cellular
component. By analysing the proteins on the GO level 2 in the
category molecular function we received a total of 9 subgroups as
shown in Figure 7, upper middle chart. The majority of the
identified proteins exhibit either binding (45%) or catalytic activity
(33%). A more detailed analysis (GO level 3) revealed that 39% of
the proteins with catalytic activity are involved in hydrolase
activity (Figure 7, upper right chart) and 38% of binding proteins
bind to other proteins (Figure 7, upper left chart).

Identified proteins are involved in diverse biological processes.
A total of 16 subgroups of biological processes are represented
(Figure 7, lower middle chart). 23% are involved in cellular
processes and 18% in metabolic processes. Within the cellular
processes a majority of 20% of tardigrade proteins are involved in
cellular component organization and biogenesis. Within the
metabolic processes 28% of proteins are involved in cellular
metabolic processes, 26% in primary metabolic processes and 21%
in macromolecule metabolic processes (Figure 7, lower right
chart). A detailed GO description of all identified and annotated
tardigrade proteins is included in Table S1.

Identified Proteins and Protein Families

In our proteomic study several heat shock proteins have been
identified, namely hsp-1 (spot F27), hsp-3 (spot F21), hsp60 (spot
F57), hsp70 (spot B146, B173, C131, C133), hsp82 (spot F13), hsp86
(spot F24, F'25), hsp90 alpha (spot E64), hsp90 beta (spot F24) and
hsp108 (spot F12). Hsp70 is already described in M. tardigradum as a
molecular chaperone which could play a role in desiccation
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tolerance [18]. Hsp60 could be identified in spot F57 when
searching the corresponding MS/MS data against the NCBInr
database. No hit was obtained in the tardigrade EST or protein
database which is surprising, because hsp60 is an abundant protein.

Several protein spots have been identified as cytoskeletal
proteins, including actin as most abundant protein spot (E48) on
the 2D gel and tubulin. Actin and tubulin are highly conserved
proteins and were used to control proteolytic degradation during
our workup procedure by Western blotting. Four different actin
proteins are found by MS/MS analysis, which play important
roles in muscle contraction, cell motility, cytoskeletal structure and
cell division. Tubulin is a key component of the cytoskeletal
microtubules. Both alpha- and beta-tubulin could be identified on
the 2D gel in spot D107, D110 and F6. Further proteins involved
in motor activity and muscle contraction were found, namely
tropomyosin (e.g. spot IF35), myosin (e.g. spot F81), annexin A6
(e.g. spot D90) and myophilin (e.g. spot A128), which is a smooth-
muscle protein and was described in the tapeworm FEchinococcus
granulosus [20].

In addition, several proteins have been identified which are
known to have important roles in embryonic or larval develop-
ment. Mitochondrial malate dehydrogenase precursor (e.g. spot
B109), vitellogenin 1 and 2 (e.g. spot D62 and B88), GDP-
mannose dehydratase (spot C87), protein disulfide isomerase 2
(e.g. spot F3), hsp-3 (spot F'21), hsp-1 (spot F27), tropomyosin (spot
F35) and troponin C (spot F87) belong to this group of proteins.
Vitellogenin, a major lipoprotein in many oviparous animals, is
known as the precursor of major yolk protein vitellin [21].
Vitellogenin is a phospholipo-glycoprotein which functions as a
nutritional source for the development of embryos [22]. During
developing oocytes vitellogenin and vitellin are modified through
cleavage and by different posttranslational modifications (PTMs)
like glycosylation, lipidation and phosphorylation. Interestingly we
could identify vitellogenin in several spots on the 2D gel showing
vertical (pI) shifts most probably caused by PTMs.

Peroxiredoxins identified first in yeast [23] are conserved,
abundant, thioredoxin peroxidase enzymes containing one or two
conserved cysteine residues that protect lipids, enzymes, and DNA
against reactive oxygen species. Different isoforms of peroxiredox-
ins could be identified on the 2D gel: peroxiredoxin-4 (spot C132),
peroxiredoxin-5 (spot B183) and peroxiredoxin-6 (spot D159). An
important aspect of desiccation tolerance is protection against free
radicals [24,25]. Notably, the expression of 1-cysteine (1-Clys)
peroxiredoxin family of antioxidants is reported in Arabidopsis
thaliana and is shown to be related to dormancy [26]. Our results
show the presence of important antioxidant systems, including
superoxide dismutase (SOD) and peroxidases. Additionally
different forms of glutathione S-transferases (spot A122, B153,
B166, B169, D166, and D159) could be identified. Glutathione
transferases (GSTs) constitute a superfamily of detoxifying
enzymes involved in phase II metabolism. Detoxification occurs
by either glutathione conjugation, peroxidase activity or passive
binding [27]. Furthermore GSTs have cellular physiology roles
such as regulators of cellular pathways of stress response and
housekeeping roles in the binding and transport of specific ligands
[28]. The consequence of this diversity in role is the expression of
multiple forms of GST in an organism. It has been shown that the
expression of the different isoenzymes is highly tissue-specific [29],
and this heterogeneity of GSTs may be further complicated by
posttranslational modifications such as glycosylation [30].

Some protein spots were identified as calreticulin (e.g. spot F'14)
which is a Ca®*-binding protein and molecular chaperone.
Calreticulin is also involved in the folding of synthesized proteins
and glycoproteins [31].
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Table 1. Overview of identified proteins classified in different functional groups.

Cytoskeleton elements and modulators Enzymes Proteases and protease inhibitors

Alpha-lll tubulin

Beta-tubulin class-IV
Beta-tubulin class-I

Actin

Actin-5C

Beta actin

Alpha actin

Actin, muscle-type (A2)

muscle actin

Similar to alpha actinin CG4376-PB
Myophilin

Tropomyosin-1, isoforms 9A/A/B
Tropomyosin

Myosin regulatory light polypeptide 9

Myosin, essential light chain

Heat shock proteins

Heat Shock Protein family member (hsp-3)
Heat Shock Protein family member (hsp-1)
Hsp 60

Hsp 70

Heat shock cognate 70

Heat shock cognate 70 protein isoform 2
Heat shock 70 kDa protein Il (HSP70 II)
Hsp 90-beta

Hsp90-alpha

Hsp90

Hsp 82

Hsp 83

Hsp108

Protein lethal(2)essential for life (member of
Hsp20 family)

Embryonic/larval development
Vitellogenin-1

Vitellogenin-2

Protein disulfide-isomerase 2

Heat Shock Protein family member (hsp-3)
Heat Shock Protein family member (hsp-1)
Troponin C

Putative LEA Il protein isoform 2
GDP-Mannose Dehydratase

Tropomyosin

Dormancy related protein

Putative LEA Il protein isoform 2

Glucan endo-1,3-beta-glucosidase
Prostatic acid phosphatase
Adenylate kinase isoenzyme 1
Peptidyl-prolyl cis-trans isomerase
Glutamate dehydrogenase
Lysosomal acid phosphatase
Mitochondrial malate dehydrogenase
Arginine kinase

Aconitase, mitochondrial
Transaldolase

Aldolase A protein

Protein disulfide isomerase-3

Matrix metalloproteinase-17

Mitochondrial long-chain enoyl-CoA hydratase/3-

hydroxycyl-CoA
Dehydrogenase alpha-subunit

Peroxidase

Methylmalonate-semialdehyde dehydrogenase

Thioredoxin reductase 1

Succinyl-CoA ligase [GDP-forming] subunit beta,

Mitochondrial E

GTP-specific succinyl-CoA synthetase beta subunit

Glycosyl transferase

DEAD-box family (SNF2-like) helicase

Cysteine conjugate beta-lyase

26S proteasome non-ATPase regulatory subunit 13

GH19645

Glycolysis

Glyceraldehyde-3-phosphate dehydrogenase
Triosephosphate isomerase

Enolase

Phosphoglycerate kinase

Transporters
H(+)-transporting ATP synthase
ATP synthase subunit d, mitochondrial

ATP synthase beta subunit

Mitochondrial ATP synthase alpha subunit precursor

Annexin A6

Antioxidant proteins
Thiol-specific antioxidant protein
Superoxide dismutase [Cu-Zn]
Peroxiredoxin-5, mitochondria
Peroxiredoxin-4

Glutathione S-transferase

Peroxiredoxin-6

Cathepsin K

Cathepsin Z

Cathepsin L1

Neprilysin-2

Peptidase M17 precursor
Actinidain

Plasminogen

Aspartic protease inhibitor 8
AFG3-like protein 2

26S proteasome non-ATPase regulatory subunit 8
Rab GDP dissociation inhibitor beta
Gamma-glutamyltranspeptidase
Response to stress or heat

NADP-dependent isocitrate dehydrogenase

Heat shock 70 kDa protein Il

similar to heat shock cognate 70 protein isoform 2
Short-chain dehydrogenase/reductase SDR YhdF
Aspartic protease inhibitor 8

UspA

Rubber elongation factor protein (REF) (Allergen Hev b 1)

Small rubber particle protein (SRPP) (22 kDa rubber particle
protein)

Heat shock protein 90-beta

Heat shock protein 83

Heat shock protein 60

Other Proteins

Translationally-controlled tumor protein homolog
Elongation factor 1-alpha

Elongation factor 1 gamma

Elongation factor 2

Angiopoietin-related protein 1

Spaghetti CG13570-PA

Prohibitin

Proteasome subunit alpha type-4

40S ribosomal protein S12

Periostin

Acetylcholine receptor subunit alpha-L1
Nucleosome remodelling factor — 38kD CG4634-PA
Coiled-coil domain-containing protein 25
Calreticulin

Lipoprotein-related protein

14-3-3 protein beta/alpha-2 (Protein 14-3-3B2)
60S ribosomal protein L26-1

Histone H4

Histone H2B.2

Identified proteins with annotation are listed in 8 different groups with majority in protein enzymes. We also identified many heat shock proteins and proteins, which
are involved in embryonic development, response to stress/heat and dormancy.

doi:10.1371/journal.pone.0009502.t001
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Table 3. Identified proteins without annotation.
No. of unique/
Accession Total protein significant MS/MS peptide sequence Sequence
Spot no. no. score peptides (Indv. lon score) coverage DomainSweep analysis
A11 GH986700 52 1 -.VIAVSLPR.N (52) 3% No hits
A82, A88, B33, B41, B43,
C50,
D99, D105, E72, F87
A11 GH986755 32 1 - .LSISHNATLR.V(32) 4% Putative
IPR006210EGF
A94 GH986643 39 1 R.VDRSIPR.L(39) 3% Putative
A91, A95, A110, IPR004077 Interleukin-1
A123, A140, receptor, type Il
B49, B64, B33, B9O,
B98, B105,
B155, B165, B173,
B176, B185,
B186, B187, B188,
B189, B190,
B191, B192, B193,
B194, B195,
C51, C128, C141, C153, D45,
D46, D56, D57,
D74, D123
A100 EZ048767 229 4 K.YDLIYK.G(15) 20% Putative
K.FLGFDTAGK.T (61) IPR017956 AT hook,
DNA-binding,
K.IISFDVCNK.N (54) conserved site
K.TDSGVSCDVTD- IPR006689 ARF/
KCDPIVK.A (39) SAR superfamily
K.AVVDIEDPNN- IPR005464
SAGDSIDYGK.Y (60) Psychosine receptor
A112 GH986667 317 5 R.EQFTQGCTVGR.N (61) 22% Putative
A114 K.LEAAPNQCPEYK.K (89) IPR001749 GPCR,
family 2, gastric
K.KLEAAPNQCPEYK.K (64) inhibitory
polypeptide receptor
K.IMEVCNEPNTYENVNR.F + IPR000372
Oxidation (M) (44) Leucine-rich repeat,
cysteine-
K.IQSLCTPADLQ- rich flanking region,
FFQSTHDR.I (60) N-terminal
IPR004825 Insulin/
IGF/relaxin
A112 EZ048821 98 2 K.NADPLTILK.E (37) 14% Putative
K.IQSLCTPADLQ- IPR0O08355
FFQSTHDR. I (60) Interferon-gamma
receptor
alpha subunit
A114 EZ048817 49 1 R.IGTETTSFDYLR.E (49) 3% Putative
IPR004354 Meiotic
recombination protein
rec114
A123 EZ048785 221 4 K.FLDFTR.G (28) 17% Putative
R.AADLDTLTK.L (57) IPR0O00762 PTN/MK
heparin-binding
R.YLDMDQYDW- protein
DTR.S + Oxidation (M) (54)
R.GTFDTAHIQG-
LTALTTLR.L(60)
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Table 3. Cont.
No. of unique/
Accession Total protein significant MS/MS peptide sequence Sequence
Spot no. no. score peptides (Indv. lon score) coverage DomainSweep analysis
R.IMSVDLTDINS-
APGMFDAAK.T + 2 -
Oxidation (M) (23)
A136 EZ048814 55 1 R.IPAQFQSK.I (55) 5% Putative
IPR015874 4-disulphide
core
B48 EZ048766 273 5 K.QVNAETFQK.A (36) 24% Putative
A157, A158, B49, B65 K.YSETVHYEGGK.Q (39) IPR000507 Adrenergic
receptor, beta 1
R.VDYVYSYHTK.M(4) IPR000463 Cytosolic
fatty-acid binding
R.GDFWSTDKPHR.Y (32) IPR004825 Insulin/IGF/
relaxin
K.YDIALDTVEATLK.S (70)
R.LIPDELLGTYEFSGK.Q (93)
B61 GH986621 231 6 R.VLNNGVLR.V (39) 13% Putative
B60, B62, B64, R.VITVPEGIK.V (49) IPR0O01610 PAC motif
B65, B79, B84, (peptide matched in
B93, B112, B143 R.SLLGEIPITK.G(38) frame 4)
R.RVITVPEGIK.V (46) IPR007758 Nucleoporin,
Nsp1-like, C-
R.VITVPEGIKVESFK.S (26) terminal (peptide
matched in frame 6)
K.GSLTAGSSSNTSGST-
GSSSYSSGTTGSSGTSGGK. T (34)
B62 EZ048776 230 6 R.VLNNGVLR.V(39) 18% Putative
A138, B48, B60, R.VITVPEGIK.V (49) IPR007758 Nucleoporin,
B61, B64, B65, Nsp1-like, C-
B84, B112, B138, R.SLLGEIPITK.G(38) terminal
B142, B143,
B144, B161, B173 R.RVITVPEGIK.V(46)
R.VEAPIQVDQLTADQQOR. S (93)
R.VLNNGVLRVEAPIQ-
VDQLTADQQR.S (69)
B79, GH986933 38 1 K.NGDVSIPR.Q(38) 6% No hits
D67, D109
B91 GH986939 54 1 R.EALSAVTGGR.R (62) 9% No hits
B43, B78-B80,
B82, B83, B86,
B87, B90, B92, B93, B97,
B191,
B193, C12, C51, C71, C112,
C114, C123, C129,
D2-D5, D8,
D10, D21-D24, D27, D28,
D31,
D44, D47, D105, D118,
D123,
D124
B102 EZ048815 403 6 K.QVNAETFNK.A (40) 26% Putative
A23, A24, A26, K.GGPAWPKDEK.F (17) IPR0O00507 Adrenergic
A112, A127, receptor, beta 1
B99, B103, B105, K.ILFRPTLSAR.A(36) IPRO06080 Mammalian
B107, B108, defensin
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Oxidation (M)

Accession Total protein significant MS/MS peptide sequence Sequence
Spot no. no. score peptides (Indv. lon score) coverage DomainSweep analysis
B110, B111, B144 R.AQGLWEATTEGK.N (68) IPR002181 Fibrinogen,
alpha/beta/gamma
R.LIPDELLGTFEFSGK.Q (92) chain, C-terminal
globular
R.RLIPDELLGTFEFSGK.Q (36) IPR000463 Cytosolic
fatty-acid binding
K.DYEFKEDGNMQOMTAK. F +
Oxidation (M) (20)
K.EVEYTSNYDMALDTVK.A (51)
R.MGLGVWESTSEQ
ENMLEYLK.A (22)
R.GDKPGLAAFGDNIIEYSFTA-
DSEGETGVLHGK.F (21)
B103 EZ048768 40 1 R.VTTVSIPR.I (40) 3% No hits
B185, C150, C151, C153
B150 GH986581 108 3 R.VFVEEQLK.A (33) 14% Putative
B151, B173 R.FNFLVFLGSTR.E (46) IPR000990 Innexin
R.GHTYEIMDPEK.V +
Oxidation (M) (29)
B152 EZ048775 42 1 R.KLEFILXFIF. - (42) 5% Putative
IPR003061 Colicin E1
(microcin) immunity
Protein
IPR000048 1Q
calmodulin-binding
region
B179 GH986603 53 1 R.AFEVPASECGK. S (53) 5% Putative
PR015880 Zinc finger,
C2H2-like
IPR008264 Beta-
glucanase
B191 EZ048789 26 1 K.GSIGAPDVPK.N(26) 4% Putative
IPR001955 Pancreatic
hormone
B186 GH986708 468 6 R.AFEVPASECGK. S (46) 25% Putative
A140 R.AFEVPASECGKSPK.R (82) IPRO15880 Zinc finger,
C2H2-like
R.YRAFEVPASECGK. S (36) IPR000436 Sushi/SCR/
ccpP
K.IVSKDVCGSSPKPR.K(90) IPR008264 Beta-
glucanase
R.SESGALWSEEQECTAK.F (62) IPR000008 C2 calcium-
dependent
R.SESGALWSEEQ membrane targeting
ECTAKFHPR.D (137)
R.VQVMDKDVGSSDDLVEQ-
FECLTGPLVSSR. S+Oxidation
(15)
ci18 EZ048777 46 1 R.NLADQAMSMGDGPLNFAK.A + 2 8% Putative

IPR0O03569 Cytochrome
c-type biogenesis

Protein CcbS

IPR002282 Platelet-
activating factor
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Table 3. Cont.
No. of unique/
Accession Total protein significant MS/MS peptide sequence Sequence
Spot no. no. score peptides (Indv. lon score) coverage DomainSweep analysis
receptor
c78 GH986847 32 1 K.SEVFPRIR. S (32) 3% Putative
B188, B173, C141 IPR003916 NADH-
ubiquinone
oxidoreductase, chain 5
Cc86 GH986916 196 4 K.NPYLELTDPK. - (38) 12% Putative
K.TPEESEAPQAIR.R(68) IPR000863
Sulfotransferase
K.TPEESEAPQAIRR.K (58) IPR003504 Glial cell line-
derived
K.VEKTPEESEAPQAIR.R (32) neurotrophic factor
receptor alpha 2
c95 GH986921 35 1 - .VIAVSLPR.N(30) 2% No hits
B18, B19, B47, B49, B138,
C51,
C62, C65, D107
c95 GH986692 31 1 K.TALITGASTGIGR.A (31) 5% Significant
IPR002347 Glucose/
ribitol dehydrogenase
IPR002198 Short-chain
dehydrogenase/
reductase SDR
Putative
IPR003560 2,3-dihydro-2,3-
dihydroxybenzoate
dehydrogenase
IPR002225 3-beta
hydroxysteroid
dehydrogenase/
isomerase
c110 GH986711 31 1 K.ERSPLANK.I (31) 4% Putative
IPR006210 EGF
Cc118 EZ048824 45 0 K.DSVAIGFPK.D (24) 7% Putative
K.ADEAGFTDAIK.A (21) IPR003535 Intimin
bacterial adhesion
mediator protein
c141 EZ048801 395 6 R.NQVYQSMER. H (34) 22% Putative
C117, C145 R.QNIDAIEIPR.L(78) IPR002546 Myogenic
basic muscle-
K.DFLSAVVNSIQR.R(58) specific protein
R.LSQLAVDSVEIAK.D (74) IPR000795 Protein
synthesis factor, GTP-
R.MTISEPFESAEALK.D + binding
Oxidation (M) (72)
R.LEDVDDVLMSAFGMLK.A + 2
Oxidation (M) (26)
R.MTISEPFESAEALKDMIVR.L + 2
Oxidation (M) (15)
R.LQSSPTLSSL
VDQDTFELIR.Q (37)
c141 GH986597 27 1 - .TAVEAVVR.T (27) 4% Putative
IPRO03065 Invasion
protein B
C156 EZ048804 277 5 K.QFPFPISAK.H (43) 27% Putative
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Three different cathepsin proteins could be identified: cathepsin
K (spot A84), cathepsin Z (spot E80) and cathepsin L1 (spot F81).
Cathepsin L is a ubiquitous cysteine protease in eukaryotes and
has been reported as an essential protein for development in
Xenopus laevis [32], Caenorhabditis elegans [33] and Artemia franciscana
[34].

Several protein spots are associated with ATP generation and
consumption and may have important roles in the early
development as described for Artemia, because many important
metabolic processes require ATP [35,36]. ATP synthase (spot
B152) regenerates ATP from ADP and Pi [37]. It consists of two
parts: a hydrophobic membrane-bound part (CF0) and a soluble
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Table 3. Cont.
No. of unique/
Accession Total protein significant MS/MS peptide sequence Sequence
Spot no. no. score peptides (Indv. lon score) coverage DomainSweep analysis
R.NELGAQYNFK. I (44) IPRO01610 PAC motif
R.VIQAATEILPGK. - (73) IPR0O01713 Proteinase
inhibitor
K.LGHFQQYDVR.L (60) IPRO00010 Proteinase
inhibitor 125,
K.DRNELGAQYNFK. I (52) cystatin
K.HTGGSDFLI IPR001878 Zinc finger,
ADPEAQGVADAVR. S (4) CCHC-type
D87 GH986563 35 1 K.DNVPLFVGR.V (35) 4% Putative
IPR000215 Protease
inhibitor 14, serpin
D110 EZ048786 46 1 R.FATPLILTGSK.D(3) 6% Putative
R.DVSPHPAACLTHSGR.V (43) IPR002353 Type Il
antifreeze protein
IPR002371 Flagellar
hook-associated
protein
IPR000204 Orexin
receptor
E9 GH986691 257 7 K.YANPQELR.Q (51) 31% Putative
D2-D5, D8, D18, D10, D13, K.SINVPQVEK.E (32) IPRO00980 SH2 motif
D14, D15, D19-D23, D27, K.QYWPYVDEKPR .M (46) IPR000463 Cytosolic
D28, fatty-acid binding
D31, D40, D47, E3, E4, E6, E7, K.KQYWPYVDEKPR.M (30)
E8, E10, E11, E12, E14, E15, R.DEDSFLYETPEA
ONPIVQK.K (28)
E16, E18, E19, E60, E61, E63, K.RDEDSFLY
ETPEAQNPIVQK.K (37)
E64, F31, F94, F95 K.GLESETEDTAATTILIADMVHY-
LK.Y(33)
F6, GH986624 35 1 R.ESLDFFR.V(35) 3% No hits
F48
F63 GH986878 38 1 K.AEETVPVLLTAEEK.L (38) 7% Significant
IPR007327 Tumor
protein D52
Putative
IPR0O04077 Interleukin-1
receptor, type Il
Generated MS/MS data were searched against the tardigrade clustered database. Spot number, protein annotation, accession number, total protein score, number of
matched peptides, peptide sequence and sequence coverage are listed. Identical proteins identified in different spots are listed only once and the spot with the highest
protein score (in bold) is ranked at the top. The significant or putative candidates found in Domain Sweep are also listed in the Table.
doi:10.1371/journal.pone.0009502.t003

part (CF1) which consists of five different subunits, alpha, beta
(spot E89), gamma, delta (spot C139) and epsilon. Arginine
kinase (spot B167) is an ATP/guanidine phosphotransferase that
provides ATP by catalyzing the conversion of ADP and
phosphorylarginine to ATP and arginine [38]. The presence of
arginine kinase has been shown in tissues with high energy
demand [39].

Interestingly, we could identify the translationally controlled
tumor protein (TCTP) (spot F75) on the 2D gel. TCTP is an
important component of TOR (target of rapamycin) signalling
pathway, which is the major regulator of cell growth in animals

and fungi [40].
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Figure 7. GO analysis of proteins identified in M. tardigradum. A total of
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271 spots representing 144 unique proteins was analysed with the Blast2GO

program. The GO categories “molecular function” and “biological process” are shown as pie charts. A total of 9 different molecular function groups and 16
groups for biological processes are present in our result. The major parts of these categories (level 2) are shown in more detail (level 3) on the left and right side.

doi:10.1371/journal.pone.0009502.g007

Evaluation of Heat Shock Proteins by Western Blot
Analysis

To evaluate the highly conserved heat shock proteins 60 and 70,
we performed Western blot analyses with antisera directed against
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these proteins. Hsp70 was found in several spots on the reference
2D proteome map, e.g. in spot B172, C31, C133 and I'27. None of
these spots fits well to the calculated molecular weight of approx.
70 kDa, most of them were considerably smaller. In contrast, the
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Figure 8. Detection of hsp60 and hsp70 by Western blotting.
Total protein extract of M. tardigradum in the active state was separated
on a one-dimensional polyacrylamide gel. Hsp60 (A) and hsp70 (B)
could be immunodetected with high sensitivity. Lane 1A and 1B:
DualVue Western blotting marker. Lane 2A and 2B: Total protein extract
of Hela cells. Lane 3A and 3B: Total protein extract of tardigrades.
Notably, the protein bands in the Hela control lysate show molecular
weights of 60 and 70 kDa as expected. In contrast the detected protein
band for hsp60 in M. tardigradum is considerably smaller. For hsp70
multiple bands are observed in M. tardigradum at higher as well as at
lower molecular weights.

doi:10.1371/journal.pone.0009502.g008

immunoblot shows the strongest band at the expected position
which is in agreement with the position of hsp70 in the control
lysate of HeLa cells (Figure 8B). However, several additional bands
can be observed at higher as well as at lower molecular weights.
The lower bands might account for the identified spots on the 2D
gel with lower molecular weight. The full-length protein might
have escaped the spot picking procedure since only a limited
number of detected spots were further processed.

Hsp60 was identified in spot F57 of the 2D map as described
above. Since hsp60 was identified by only one peptide hit we
confirmed this result by immunostaining using an antibody directed
against a peptide in the C-terminal region of the entire protein.
Only one band is visible on the Western blot at approx. 24 kDa
whereas the protein band in the HeLa control lysate is located at its
expected position (Figure 8A). The lower molecular weight is in
accordance with the location of hsp60 (spot F57) on the 2D gel.
Thus, in M. tardigradum hsp60 exists in a significantly shorter form.
Whether the observed difference in the molecular weight indicates a
different function and role of this protein in M. tardigradum needs to
be investigated in future experiments. To test whether other
tardigrade species show similar results we performed an immuno-
blot with protein lysates from 5 other species namely Paramacrobiotus
richtersi, Paramacrobiotus “‘richterst group” 3, Macrobiotus tonolliz,
Paramacrobiotus “‘richtersi group” 2 and Paramacrobiotus *richterst group”
1. Total protein lysate from HeLa cells was loaded as control
(Figure 9A, lane 1). Actin served as loading control for all lysates
(Figure 9B). Interestingly, some species also exhibit truncated forms
of hsp60 on the Western blot whereas others show higher forms.
The molecular weights are ranging from approx. 75 kDa for P.
“richtersi group” 2 and P. “ruchtersi group™ 1 lysates (Figure 9A, lane 4
and 6), 35 kDa for P. “richtersi group” 3 and P. richtersi lysates
(Figure 9A, lane 5 and 8) down to 24 kDa for M. tardigradum and M.
tonollii (Figure 9, lane 3 and 7).
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Figure 9. Detection of hsp60 in six different tardigrade species
by Western blotting. Total protein extracts of tardigrades in the
active state were separated on a one-dimensional polyacrylamide gel.
Hsp60 (A) and actin (B) as loading control were immunodetected with
high sensitivity. Lane 1: DualVue Western blotting marker. Lane 2: Total
protein extract of Hela cells. Lane 3: Total protein extract of M.
tardigradum. Lane 4: Total protein extract of Paramacrobiotus richtersi.
Lane 5: Total protein extract of Paramacrobiotus “richtersi group” 3.
Lane 6: Total protein extract of Macrobiotus tonollii. Lane 7: Total
protein extract of Paramacrobiotus “richtersi group” 2. Lane 8: Total
protein extract of Paramacrobiotus “richtersi group” 1. Interestingly, the
detected protein bands were ranging from 100 kDa to less than 24 kDa.
Only hsp60 in the Hela control lysate was detected at its expected
position at 60 kDa.

doi:10.1371/journal.pone.0009502.9g009

Discussion

Establishing a Comprehensive Proteome Map of
Milnesium tardigradum

The analysis of the proteome of M. tardigradum represents to our
knowledge the first detailed study of tardigrades on the protein
level. Our experimental strategy aimed to identify as many as
possible proteins from tardigrades. Thus, we have not employed
any subcellular fractionation steps to obtain specific subproteomes.
We have tested various protocols for protein extraction from whole
tardigrades. We could show that direct homogenisation of
tardigrades in lysis buffer without any previous precipitation steps
is most efficient and enables the generation of high quality 2D gels.
Since nothing was known about the proteolytic activity in M.
tardigradum special precautions were taken to avoid any protein
degradation or proteolysis throughout the whole workup proce-
dure. Integrity of proteins was carefully inspected by Western blot
analysis of the two housekeeping proteins actin and tubulin where
the sequence homology was assumed to be high enough to detect
the proteins with commercially available antibodies. The devel-
opment of a robust workup protocol laid the basis for the
generation of a protein map from whole tardigrades in the active
state. 56 unique proteins could be identified by searching high
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quality MS/MS spectra against the publicly available NCBInr
database. However, for many proteins we could not find any
homologues in the NCBInr database and only by using our own
newly generated tardigrade protein database it was possible to
identify another 73 unique proteins. 15 proteins were present in
both databases. In addition 36 unique proteins were found in the
clustered tardigrade EST database which could not be annotated
by BLAST search. This concerns new specific proteins of M.
tardigradum.

Performance of Database Searches

When we started our study of the tardigrade proteome very
little was known about tardigrades at the genome and gene
expression level. To this day, only 12 proteins are recorded in the
NCBInr database, which originate from M. tardigradum. For all of
them only partial sequences ranging from as few as 43 amino
acids for beta actin up to 703 amino acids for elongation factor-2
are available. Therefore, in parallel to our proteomic study a M.
tardigradum EST sequencing project has been initiated. Subse-
quently, two tardigrade specific databases have been established:
a clustered tardigrade EST database and a tardigrade protein
database which was extracted from the clustered EST database
and thus represents a subdatabase containing all tardigrade-
specific proteins with annotated function. However, since cDNA
sequencing is still ongoing sequence information remains
incomplete. We assume that the tardigrade database currently
covers approximately one tenth of the tardigrade specific genes
comparing the unique clusters found in tardigrades to all known
proteins of Caenorhabditis elegans or Drosophila melanogaster in
Ensembl. This fact is greatly influencing our database searches.
For most of the protein spots that were analysed by ESI-MS/MS
high quality fragmentation spectra were obtained from MS/MS
experiments. However, when we searched these MS/MS data
against the tardigrade databases and the publicly available
NCBlInr database, only about 70% of the spots yielded in protein
identification whereas the remaining spots gave no significant
protein hit. In addition it was impossible to manually extract
peptide sequences that were sufficient in length to perform
BLAST searches with satisfactory results.

When we examined the protein hits obtained by the three
databases in more detail we found that in the NCBInr database
approximately one half of the proteins were identified by only one
significant peptide hit (Figure 10). For about 25% of the proteins
more than one significant peptide hit was obtained. For the
remaining 25% only the protein score which is the sum of two or
more individual peptides scores was above the significance
threshold while none of the peptide scores alone reached this
value. In contrast, proteins found in the tardigrade protein
database were predominantly identified by more than one
significant peptide hit whereas a smaller number was represented
by only one peptide. In no cases a protein was identified by the
sum of non-significant peptide matches. For proteins without
annotation the number of proteins identified by only one peptide
was only slightly higher than the number of proteins identified by
two or more peptides.

These results are not surprising. Since the NCBInr database
contains very few sequences originating from M. tardigradum e.g.
elongation factor l-alpha the identification relies predominantly
on high homologies between tardigrade sequences and sequences
from other more or less related species of other taxa. The chances
for detecting more than one identical peptide is significantly higher
when searching MS/MS data against the tardigrade EST and
tardigrade protein databases since these databases contain only
tardigrade specific sequences.
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Figure 10. Statistical analysis of significant peptides found in
the three different databases which were used to search the
MS/MS data. The number of significant peptide hits is compared
between the different databases. When searching against the NCBInr
database most proteins were identified with only one significant
peptide hit. In contrast when using the tardigrade protein database
most proteins were represented by two or more significant peptides.

doi:10.1371/journal.pone.0009502.g010

Opverall, one might evoke a potentially high false positive rate
especially since proteins are included in the reference map which
are either identified by only one significant peptide hit or where
two or more non-significant peptide scores are summed up to a
significant protein score. On the other hand, proteins like LEA
and heat shock protein 60 are identified by only one peptide
match. Nevertheless they could be confirmed by Western blot
analysis to be present in the tardigrade protein extract. Given the
incomplete sequence data available to date many proteins might
escape confirmation by orthogonal methods e.g. due to the lack of
specific antibodies.

Proteins Associated with Anhydrobiosis

Among the numerous proteins which were identified in our
proteomic study some proteins have already been reported to play
an important role in anhydrobiotic organisms. Most importantly,
spot F88 was identified as a protein belonging to the LEA (late
embryogenesis abundant) family (group 3). This result was already
known from Western blot analyses (Schill et al.,, 2005, poster
presentation, ISEPEP, Denmark). At least six different groups of
LEA proteins have been described so far. Group 1, 2 and 3 are the
three major groups. Whereas group 1 is only found in plants and
group 2 predominantly in plants, group 3 is reported in organisms
other than plants. Although the precise role of LEA proteins has
not yet been fully elucidated, different research groups have
reported on their association with tolerance to water stress by
desiccation [41,42]. LEA protein of group 3 could be alrecady
identified in nematodes C. elegans, Steinernema feltiae and Aphelenchus
avenae, and the prokaryotes Deinococcus radiodurans, Bacillus subtilis
and Haemophilus influenzae [43,44,45].

Proteins Exhibiting an Unusual Location on the 2D Map

In general we identified some proteins which show a lower
molecular weight than expected. As described above hsp60 is
detected as a protein band at 24 kDa by Western blotting and
the location of the corresponding spot on the 2D gel shows the
same molecular weight. Comparison of different tardigrade
species indicates the existence of short as well as long forms of
hsp60.
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Unique proteins, when analyzed on the 2D gel, often show
multiple spots due to posttranslational modifications. Proteins of
the vitellogenin family are widely distributed on the 2D gel and
show pl as well as molecular weight shifts, which are due to
modification through cleavage and to different PTMs like
glycosylation and phosphorylation during development of oocytes.
Ongoing experiments to detect PTMs using different fluorescence
staining methods like ProQ-Emerald for the detection of
glycoproteins and ProQ)-Diamond for the detection of phospho-
proteins indicate that these modifications indeed occur in
tardigrades (data not shown).

Prediction of Functional Domains in Proteins with Yet
Unknown Functions

36 proteins which could not be identified by BLAST searches
were further examined looking for matching functional protein
domains with DomainSweep. The function of the following two
spots could be revealed with high confidence (Table 3): spot F63
seems to belong to the “tumor protein D52” interpro family
(IPR007327). The hD52 gene was originally identified through its
elevated expression level in human breast carcinoma, but cloning
of D52 homologues from other species has indicated that D52 may
play roles in calcium-mediated signal transduction and cell
proliferation. Regarding the taxonomic neighbours of the
tardigrades, one member in C. elegans and 10 members in
Drosophila melanogaster are reported by Interpro for this family.
Spot C95 seems to belong to the family “glucose/ribitol
dehydrogenase” (IPR002347). 80 members both in C. elegans and
in Drosophila melanogaster are reported for this family. 28 putative
hits were found associated with other spots. These protein hits are
putative candidates and therefore less reliable. A comprehensive
protein database of M. tardigradum as the result of our ongoing
cDNA sequencing will help us to evaluate these candidates.

Conclusion

In this study we present for the first time a comprehensive
proteome map of M. tardigradum. A full description of proteins
present in the active state provides a valuable basis for future
studies. Most importantly, the protein reference map allows us to
undertake quantitative proteomics analysis to detecting proteins
with different expression levels in the active versus the anhydro-
biotic state. In particular, our workflow is fully compatible with the
application of 2D difference gel electrophoresis (2D DIGE), which
is one technique allowing sensitive analysis of differences in the
protein expression levels. This differential analysis on the protein
level will help us to understand survival mechanisms in
anhydrobiotic organisms and eventually to develop new methods
for preservation of biological materials.

Materials and Methods

Tardigrade Culture and Sampling

Tardigardes of the species M. tardigradum Doyere 1840 were
maintained in a laboratory culture. The culture was grown on
agarose plates (3%) (peqGOLD Universal Agarose, peqLAB,
Erlangen Germany) covered with Volvic™ water (Danone
Waters, Wiesbaden, Germany) at 20°C. The juveniles were fed
on green algae Chlorogonium elongatum, the adults with bdelloid
rotifers Philodina citrina. The specimens for the experiments were all
of middle-age, thus effects of age can be excluded. Tardigrades
were starved over 3 days and washed several times with Volvic™
water to avoid contamination with food-organisms. Subsequently
the animals were transferred to microliter tubes (200 individuals
per tube) and surrounding water was reduced to approx. 1-2 pl.
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An active state (I) according to Schill et al. [18] was investigated in
this work. All samples were shock frozen in liquid nitrogen and
stored at —80°C.. 200 individuals are defined as one aliquot. Other
tardigrade species (Paramacrobiotus richtersi, Paramacrobiotus ““richterst
group” 3, Macrobiotus tonolliz, Paramacrobiotus *“richtersi group” 2 and
Paramacrobiotus ““richtersi group” 1) used for immunodetection of
hsp60 were prepared in the same way.

Sample Preparation for Gel Electrophoresis

To optimize the sample preparation different precipitation
methods have been tested. Chloroform/methanol and TCA/
acetone precipitations were performed as described by Wessel,
Fluegge [46] and Gorg [47], respectively. We used also the
commercially available precipitation kit (clean-up kit from GE
Healthcare). Comparing the result of different precipitation
protocols on a 1D gel we decided to homogenise the tardigrades
directly in ice cold lysis buffer and avoid any precipitation steps. The
animals (200 individuals) were homogenised directly in 60 ul lysis
buffer (containing 8 M urea, 4% CHAPS, 30 mM Tris, pH 8,5) by
ultrasonication (SONOPULS, HD3100, Bandelin Electronic) with
45% amplitude intensity and 1-0.5 sec intervals. The lysis buffer
contained a Protease Inhibitor Mix (GE Healthcare) to inhibit
serine, cysteine and calpain proteases. After homogenisation the
samples were stored at —80°C. For gel electrophoresis insoluble
particles were removed by centrifugation for 2 min at 14,000 g and
the supernatant was quantified using BCA mini-assay.

One Dimensional Gel Electrophoresis and Western
Blotting

To compare the efficiency of different sample preparation
methods we separated approx. 10 pg total protein extract on a 1D
gel. The gel was stained with protein staining solution (PageBlue
from Fermentas). For Western blotting a total protein extract of
tardigrades (15-20 ug) was separated on a NuPAGE™' 4-12%
Bis-Tris mini gel (Invitrogen) using MES running buffer. 200 V
were applied until the bromophenol blue front had reached the
bottom of the gel (approx. 40 min). Separated proteins were
electro transferred onto PVDF membrane for 1.5 h at maximum
50 mA (0.8/cm?) in a semi-dry transfer unit (Hoefer™ TE 77)
using following transfer solution: 24 mM Tris, 192 mM glycine
and 10% methanol. The PVDF membrane was incubated in a
blocking buffer containing 5% non-fat milk, 0.1% Tween20 in
PBS. As primary antibodies we used anti actin pan Ab-5 (dianova),
anti hsp 60 Ab (D307) (Cell signaling), anti hsp70 Ab (BD
Biosciences Pharmingen) and anti o-Tubulin Ab (Sigma).

For molecular weight determination of the target proteins on
film we used ECL DualVue marker (GE-Healthcare). Immuno-
reaction was detected using the ECL Western Blotting Detection
kit from GE Healthcare. Images were acquired using an Image
Scanner Model UTA-1100 (Amersham Biosciences).

Two Dimensional Gel Electrophoresis

For 2D gel preparation we added 60 ul 2x sample buffer (7 M
urea, 2 M thiourea, 2% CHAPS, 2% DTT, 2% IPG-buffer 3—
11 NL) to each aliquot and incubated by shaking for 30 min at
25°C. To avoid streaking on the gels we used 330 ul destreaking
buffer (GE Healthcare) instead of rehydration buffer, to which we
added 2% IPG-buffer (pI 3-11). Samples were incubated by
shaking for 30 min at 25°C. We loaded 100 pg protein on
analytical gels and 330 pg on preparative gel.

Strip loading. Loading of proteins was performed during
strip rehydration with the recommended volume (450 ul for 24 cm
strips) over night.
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IEF conditions. First dimension isoelectric focusing (IEF) was
performed, using 24 c¢m long IPG strips with non-linear gradients
from pH 3-11 and an Ettan IPGphor instrument and proceeded
for 46.4 kVh with the following running protocol: 3 h at 300 V,
6 h at 500 V, 8-h gradient up to 1000 V, 3-h gradient up to
8000 V and 3 h at 8000 V. Strips were either immediately used
for the second dimension or stored at —80°C.

Second dimension. Strips were equilibrated in 6 M urea,
2% SDS, 30% glycerol, 0.375 M Tris-HCl pH 8.8, 0.002%
bromophenol blue and 10 mg/ml DTT for 15 min, followed by a
second equilibration step with the same buffer containing 25 mg/
ml iodoacetamide instead of D'T'T, also for 15 min.

Strips were loaded on 12% SDS-gels with an overlay of agarose
solution (0,5 mg/100 ml electrophoresis buffer). The second
dimension was performed using an Ettan Dalttwelve electropho-
resis system (GE Healthcare). Separation was carried out at 1.5
watt/1.5 mm thick gel until the bromophenol blue reached the
bottom of the gel (approx. 18 h).

Silver staining of proteins and image analysis. Proteins
on analytical gels were visualized by destructive silver staining
according to Blum [48]. Additionally, we performed a silver stain
compatible with mass spectrometric analysis described by Sinha
[49] for preparative gels. Images were acquired using an Image
Scanner Model UTA-1100 (Amersham Biosciences).

Protein Identification

In-gel digestion. Protein spots were excised semi-manually

with a spot picker (GelPal, Genetix) following non-destructive
silver staining and stored at —80°C! after removing water. Gel
pieces were reduced, alkylated and in-gel digested with trypsin.
Briefly, after incubation with 150 pl water at 42°C for 8 min,
water was removed (washing step) and gel pieces were shrunk by
dehydration with 150 pl 40 mM NH,HCOs3/ethanol 50:50 (v/v)
at 42°C for 5 min in a thermo mixer (600 rpm). The solution was
removed and the proteins were reduced with 50 pl 10 mM
dithiothreitol in 40 mM NH,HCOs5 for 1 h at 56°C. The solution
was removed and gel pieces were incubated with 150 pl 40 mM
NH,HCO; for 5 min at 42°C. After removing the solution gel
pieces were alkylated with 100 pl 55 mM iodoacetamide in
40 mM NH,HCOj for 30 min at 25°C in the dark, followed by
three alternating washing steps each with 150 pl of 40 mM
NH,HCOj and ethanol for 5 min at 37°C. Gel pieces were then
dehydrated with 100 pl neat acetonitrile for 1 min at room
temperature, dried for 15 min and subsequently rehydrated with
porcine trypsin (sequencing grade, Promega, Mannheim,
Germany) with the minimal volume sufficient to cover the gel
pieces after rehydration (100 ng trypsin in 40 mM NH,HCOs).
Samples were incubated over night at 37°C.
After digestion over night the supernatant was
collected in PCR-tubes while gel pieces were subjected to four
further extraction steps. Gel pieces were sonicated for 5 min in
acetonitrile/0.1% TFA 50:50 (v/v). After centrifugation the
supernatant was collected and gel pieces were sonicated for
5 min in acetonitrile. After collecting the supernatant gel pieces
were sonicated for 5 min in 0.1% TFA followed by an extraction
step again with acetonitrile. The combined solutions were dried in
a speed-vac at 37°C for 2 h. Peptides were redissolved in 6 ul
0.1% TFA by sonication for 5 min and applied for ESI-MS/MS
analysis.

ESI-MS/MS analysis and database search. NanoLC-
ESI-MS/MS was performed on a Qtof Ultima mass spectrometer
(Waters) coupled on-line to a nanoL.C system (CapLC, Waters).
For each measurement 5 pul of the digested sample was injected.
Peptides were trapped on a Trapping guard C18- AQ,

Extraction.
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10 mmx0.3 mm, particle size 5 um (Dr. Maisch). The liquid
chromatography separation was performed at a flow rate of
200 nl/min on a Reprosil C18-AQ) column, 150 mm x75 pum,
particle size 3 um (Dr. Maisch GmbH). The following linear
gradient was applied: 5% B for 5 min, from 5 to 15% B in 5 min,
from 15 to 40% B in 25 min, from 40 to 60% B in 15 min and
finally 60 to 95% B in 5 min. Solvent A contains 94.9% water,
5% acetonitrile, 0.1% formic acid, solvent B contains 95%
acetonitrile, 4.9% water and 0.1% pl formic acid. The LC-ESI-
MS/MS device was adjusted with a PicoTip Emitter (New
Objective, Woburn, MA) fitted on a Z-spray nanoESI interface
(Waters). Spectra were collected in the positive ion mode. The
capillary voltage was set to 2400 V and the cone voltage was set
to 80 V. Data acquisition was controlled by MassLynxTM 4.0
software (Waters). Low-energy collision-induced dissociation
(CID) was performed using argon as a collision gas (pressure in
the collision cell was set to 5x107° mbar), and the collision
energy was in the range of 25-40 ¢V and optimized for all
precursor ions dependent on their charge state and molecular
weight. Mass Lynx raw data files were processed with Protein
Lynx Global Server 2.2 software (Waters). Deisotoping was
performed using the MaxEnt3 algorithm.

The obtained MS/MS spectra were searched against the
publicly available NCBInr database using the MASCOT algo-
rithm version 2.0 (Matrix Science, London, UK). The mass
tolerance was set to 0.1 Da for fragment ions and 200 ppm for
precursor ions. No fragment ions score cutoff was applied. The
following search parameters were selected: variable modification
due to methionine oxidation, fixed cysteine modification with the
carbamidomethyl-side chain, one missed cleavage site in the case
of incomplete trypsin hydrolysis. The following settings were
applied: minimum protein score >53, minimum number of
peptides =1. Furthermore, protein hits were taken as identified if a
minimum of one peptide had an individual ion score exceeding the
MASCOT identity threshold. Under the applied search param-
eters a sum MASCOT score of >53 refers to a match probability
of p<<0.05, where p is the probability that the observed match is a
random event. Redundancy of proteins that appeared in the
database under different names and accession numbers was
eliminated. Additionally we searched against the M. tardigradum
EST and protein database (see below) to identify sequences not
present in the NCBInr databases. The following settings were
applied: minimum protein score >14 for the EST and >27 for the
clustered EST database (p<<0.05). Other parameters were as
described for the NCBInr searches.

Generation of the Tardigrade EST Database

c¢DNA libraries from mRNA from tardigrades in different states
(active, inactive, transition states) were prepared and sequenced
(Mali et al, submitted data). The obtained EST sequences were
cleaned from vector sequences using Seqclean against UniVec-
database from NCBI (version 12. September 2008, Kitts et al.,
unpublished). Repeats within the cleaned ESTs were masked using
the online service RepeatMasker (version 3.2.6, RM-20080801,
Smit et al., unpublished data) followed by a second Seqclean run
to climinate low quality and short sequences. The assembly was
performed using cap3 [50] with clipping enabled and resulted in
3318 Unigenes (2500 singlets, 818 contigs). Identification of
ribosomal sequences was done using a BlastN-search [51] against
the Silva-DB (only eukaryotic sequences, Silva95, [52]) and an E-
value cutoff of le-3 and resulted in 46 sequences which showed
high similarity to ribosomal sequences. Unigenes coding for known
proteins were identified using a BlastX search against Uniprot/
Swissprot (version 14.1, September 2008), Uniprot/ TrEMBL
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(version 56.1, September 2008, The UniProt Consortium, 2008)
and NRDB (version 12. September 2008,) with an E-value cutoff
of le-3 and a hmmer-search against PFAM database (release 22,
[53]) with an E-value cutoff of 0.1. Translation of Unigen
sequences which gave a BlastX or PFAM hit (1539/1889
sequences) into the corresponding frame and a six-frame
translation was performed using Virtual Ribosome (version 1.1
Feb-Mar, 2006, [54]). For six frame translation the read through
mode of Virtual Ribosome was used. Afterwards stop codons were
substituted by an undefined amino acid (X). All new sequences
have been deposited in GenBank. The accession numbers are
indicated in the Tables 2, 3 and S1 in the column “Tardigrade
specific Accession no.”.

Classification of Proteins

For functional analysis of identified proteins we used Blast2GO
software, which consists of three main steps: blast to find
homologous sequences, mapping to collect GO-terms associated
to blast hits and annotation to assign functional terms to query
sequences from the pool of GO terms collected in the mapping
step [55]. Function assignment is based on GO database.
Sequence data of identified proteins were uploaded as a multiple
FASTA file to the Blast2GO software. We performed the blast step
against public database NCBI through blastp. Other parameters
were kept at default values: e-value threshold of le-3 and a
recovery of 20 hits per sequence. Furthermore, minimal alignment
length (hsp filter) was set to 33 to avoid hits with matching region
smaller than 100 nucleotides. QBlast-NCBI was set as Blast mode.
Furthermore, we have chosen an annotation configuration with an
e-value-Hit-filter of 1.0E-6, Annotation CutOff of 55 and GO
weight of 5. For visualizing the functional information (GO
categories: Molecular Function and Biological process) we used the
analysis tool of the Blast2GO software.

Protein Domain Analysis of Proteins without Annotation

Six frame translations of the Unigenes were run through the
DomainSweep pipeline [56] and the significant and putative hits
were collected. For each of the protein/domain databases used,
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Abstract Semi-terrestrial tardigrades exhibit a remarkable
tolerance to desiccation by entering a state called anhy-
drobiosis. In this state, they show a strong resistance against
several kinds of physical extremes. Because of the probable
importance of stress proteins during the phases of dehydra-
tion and rehydration, the relative abundance of transcripts
coding for two «-crystallin heat-shock proteins (Mt-
sHsp17.2 and Mt-sHsp19.5), as well for the heat-shock
proteins Mt-sHsp10, Mt-Hsp60, Mt-Hsp70 and Mt-Hsp90,
were analysed in active and anhydrobiotic tardigrades of
the species Milnesium tardigradum. They were also
analysed in the transitional stage (I) of dehydration, the
transitional stage (II) of rehydration and in heat-shocked
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specimens. A variable pattern of expression was detected,
with most candidates being downregulated. Gene tran-
scripts of one Mt-hsp70 isoform in the transitional stage I
and Mt-hsp90 in the anhydrobiotic stage were significantly
upregulated. A high gene expression (778.6-fold) was
found for the small «-crystallin heat-shock protein gene
Mt-sHspl7.2 after heat shock. We discuss the limited role
of the stress-gene expression in the transitional stages
between the active and anhydrobiotic tardigrades and other
mechanisms which allow tardigrades to survive desiccation.

Keywords Alpha-crystallin protein - Anhydrobiosis -
Cryptobiosis - Heat-shock protein - Tardigrada -
Milnesium tardigradum

Introduction

Along with nematodes and rotifers, semi-terrestrial tardi-
grades exhibit a remarkable tolerance against almost
complete desiccation by entering a state known as anhydro-
biosis (Keilin 1959) in all developmental stages (Schill and
Fritz 2008). To survive drought, which occurs frequently
in the habitat of moss-dwelling tardigrades, they enter a
so-called tun state (Baumann 1922) and show strong
resistance to physical extremes, including high and low
temperatures (Ramlev and Westh 1992; Semme 1996;
Ramlev and Westh 2001; Hengherr et al. 2009), high
pressure (Seki and Toyoshima 1998), vacuum and ionising
irradiation (Horikawa et al. 2006; Jonsson et al. 2008). In
the anhydrobiotic state, their metabolism is barely mea-
surable (Pigon and Weglarska 1955). The longer the
animals spend in this state of suspended animation, the
longer their lifespan (Hengherr et al. 2008a). The animals
resume activity after successful rehydration.
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Due to the remarkable ability of tardigrades to survive
extreme desiccation, few studies on stress proteins (Schill et
al. 2004; Jonsson and Schill 2007) have been carried out to
investigate the molecular mechanisms of anhydrobiosis.
One isoform of a heat-inducible heat-shock protein (Hsp70)
has been described by Schill et al. (2004) as upregulated in
the transition phase from the active to the anhydrobiotic
state in Milnesium tardigradum.

Additionally, in the species Richtersius coronifer, a
higher protein level of Hsp70 was detected during the
transition from the anhydrobiotic to the active state
(Jonsson and Schill 2007), whereas a decreased level of
Hsp70 was found in anhydrobiotic animals. The investiga-
tion of transcripts and encoded stress proteins is based on
their well-known function as molecular chaperones
(Gething and Sambrook 1992; Georgopoulos and Welch
1993; Jakob et al. 1993). Results derived from several other
organisms that tolerate dehydration or suspended animation
like nematodes (Chen et al. 2006), crustaceans (Liang et al.
1997b; MacRae 2003), insects (Tammariello et al. 1999;
Hayward et al. 2004; Bahrndorff et al. 2008; Lopez-
Martinez et al. 2009) and plants (Alamillo et al. 1995;
Ingram and Bartels 1996) suggest a versatile role for the
stress response in dormant stages.

The present study examines whether an hsp stress
response in anhydrobiotic tardigrades operates during
dehydration and rehydration. Therefore the expression of
several hsp transcripts belonging to different Hsp groups
was analysed in the eutardigrade M. tardigradum. The
sequences were taken from our expressed sequence tag
(EST) library based on mRNA originating from specimens
of M. tardigradum from our tardigrade culture. Transcripts
of the chaperonin Mt-shspl0 gene, two «-crystallin small
heat-shock protein genes (Mt-sHspl7.2 and Mt-sHsp19.5),
one Mt-hsp60 gene, three Mt-hsp70 genes, as well as one
Mt-hsp90 gene, were examined to cover a broad range of
heat-shock protein genes.

Materials and methods
Tardigrade culture

The study was carried out on the cosmopolitan eutardigrade
species M. tardigradum Doyere 1849 (Apochela, Milnesidae).
Tardigrades were and reared on petri dishes (¢ 9.4 cm) filled
with a small layer of agarose (3%; peqGOLD Universal
Agarose, peqLAB, Erlangen, Germany) and covered with
spring water (Volvic™ water, Danone Waters Deutschland,
Wiesbaden, Germany) at 21°C and a light/dark cycle of 12 h.
Rotifers (Philodina citrina) and nematodes (Panagrellus sp.)
were provided as a food source, and juvenile tardigrades
were also fed with the green alga Chlorogonium elongatum.
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For all experiments, adult animals in good physical condition
were taken directly from the culture and starved for 3 days to
avoid extraction of additional RNA from incompletely
digested food in the intestinal system.

Experimental design

To investigate differences in the expression of stress genes
during anhydrobiosis, four different groups of tardigrades
were set up. Expression of stress transcripts was analysed
during the transition from the active to the anhydrobiotic
animals (transition stage I), both during the anhydrobiotic
stage and during the transition from the anhydrobiotic to
the active state (transition stage II). Active animals were
used as a control group. An additional group of animals
was analysed, in which the animals were exposed to
thermal stress for 1 h at 37°C in a heating block
(Thermomixer 5436, Eppendorf, Hamburg, Germany).
The transition stages were defined as described earlier by
Schill et al. (2004) as transitional stage I, in which animals
had started tun formation by contracting their legs, and
transitional stage II, in which animals showed distinct move-
ments and had stretched their legs. To achieve desiccation,
they were put in open microlitre tubes (Sarstedt, Niimbrecht,
Germany) and into small plastic chambers with 85% relative
humidity (RH) for 2 days. Subsequently, the tubes were
transferred for seven days into chambers with 33% RH to
desiccate the animals. The humidity levels described above
were achieved by sustaining a constant saturation vapour
pressure over a saturated salt solution of KCl and MgCl,,
respectively. The boxes had transparent tops to monitor the
processes without changing the humidities.

RNA preparation and quantitative real-time PCR

Each experimental group described above consisted of
50 animals, which were subdivided into groups of ten
animals. Before RNA isolation, the animals of the “active”
and “transition I group were washed three times in spring
water (Volvic water™, Danone). “Anhydrobiotic” and
“transition II” animals were washed before desiccation.
The tardigrades were homogenised in lysis buffer using a
bead mill (FastPrep 24, MP Biomedicals, Heidelberg,
Germany). Total RNA was prepared with the RNeasy®
Micro Kit (Qiagen, Hilden, Germany) according to the
manufacturer’s instructions. DNA was digested during the
preparation with the included DNAse I. The RNA was eluted
in RNAse-free water, and quantity and quality were checked
with a NanoDrop® ND-1000 spectrophotometer (peqLab,
Erlangen). Subsequently, cDNA was prepared with the
cDNA Synthesis Kit from Bioline (Luckenwalde, Germany).

To measure relative expression of the transcripts of the
experimental groups compared to the control group,
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quantitative real-time PCR was performed with a MyiQ
Single Color Real-Time PCR Detection System (Bio-Rad
Laboratories GmbH, Miinchen, Germany), and 0.5 uL of
the first strand cDNA synthesis reaction mixture was used
as template in a total reaction mix of 25 pL (ImmoMix™,
Bioline) with 2.0 mM MgCl,. Due to the fact that
ribosomal proteins represent adequate housekeeping genes
in quantitative real-time PCR (qrtPCR) in general (de Jonge
et al. 2007), a partial sequence of the ribosomal protein S13
gene (rpsi3) was used as reference gene in this study. The
efficiency of the PCR reactions was calculated from the
slope of the standard curve, which was derived from a
dilution series (1:2, 1:20, 1:200 and 1:2,000). Every PCR
reaction was performed in triplicate. Threshold cycles (C;
values) were calculated by the MyiQ 2.0 software and
analysed with the freely available Relative Expression
Software Tool (REST©O; Pfaffl et al. 2002), which allows
for a determination of significant differences between the
expression ratios and the estimation of the standard errors. The
log, expression ratios of the experimental groups were plotted
to compare with the control group; error bars represent the
log, values of the standard error. Significantly different
expression between experimental groups and control groups
was accepted for P<0.05 (Pair Wise Fixed Reallocation
Randomisation Test©, implemented in RESTO).

The following programme was routinely used to conduct
the qrtPCRs: initial denaturation step (95°C for 10 min)
followed by 40 cycles of denaturation (10 s), annealing (20 s)
and elongation (20 s). A melt curve analysis was added (95°C
to 55°C in steps of 0.5°C every 30 s), and the product size was
subsequently examined by gel electrophoresis.

Primers were designed by using the free internet tools
“Primer3” (Rozen and Skaletsky 2000) and “NCBI/Primer
BLAST” (based on Primer3) with target sequences from M.
tardigradum EST libraries. Computational sequence analy-
sis of the deduced EST sequences was performed using the
Basic Local Alignment Search Tool (Altschul et al. 1990) at
the web pages of the National Center for Biotechnical
information (NCBI). Sequences with the highest homology
were aligned with ClustalW implemented in the software
MEGA4 (Tamura et al. 2007), and ESTs were named after
GenBank entries with the highest homologies: Mt-shspi0,
Mt-Hspl7.2, Mt-Hspl9.5, Mt-hsp60 and Mt-hsp90. Three
different ESTs resulted in significant alignments with proteins
of the Hsp70 family and were named Mz-hsp70-1, Mt-hsp70-
2 and Mt-hsp70-3. Primers were designed for the coding
sequences, without considering 3’ and 5’ untranslated regions.

Results

Analyses of two stress-gene sequences in our EST library
resulted in the complete open reading frames for putative

proteins with a high homology to small heat-shock/x-
crystallin proteins. Alignment of the two sequences (Fig. 1),
termed Mt-shsp17.2 and Mt-shsp19.5 after their calculated
size of 17.2 and 19.5 kDa, respectively, display consider-
able differences between the two sequences and similarities
to other «-crystallin/sHsp proteins (Fig. 1). Heat-shock
treatment resulted in a 778.6-fold higher transcription level
of Mt-shspl7.2 in animals compared to the control group
(Fig. 2), indicating that it codes for an inducible o-
crystallin/sHsp protein. In contrast, Mt-shsp19.5 was not
regulated during heat shock. Both «-crystallin/sHsp
sequences were not significantly regulated during the
process of anhydrobiosis, with one exception; Mt-shsp17.2
was downregulated in the transitional stage II.

In general, most of the genes under investigation were
downregulated or regulated at all in the two transitional
stages and the anhydrobiotic stage.

Significant down regulation was found for Mt-hsp60
(P=0.031) and Mt-hsp70-1 (P=0.025) in the transitional
stage I, whereas Mt-hsp70-2 (P=0.019) was upregulated. In
the anhydrobiotic stage, the gene Mt-hsp90 (P=0.002) was
significantly upregulated, and all other stress genes showed
no significant regulation. However, in the transitional stage
I, Mt-shspl0 (P=0.002), Mt-hsp60 (P=0.009), Mt-
shspl9.5 (P<0.001), Mt-hsp70-1 (P=0.002) and Mt-
hsp70-2 (P<0.001) were significantly downregulated. All
genes, except the upregulated Mr-shspl7.2 (P=0.008),
showed no significant heat-inducible stress response in
heat-shocked animals.

The two small heat-shock/x-crystallin protein sequences,
Mt-shspl7.2 (with a strong induction of expression under
heat shock) and Mt-shsp 19.5 (longer isoform with no
induction), were analysed bioinformatically to obtain
further insights into their function and difference in
induction (Fig. 3). The domain analysis (Fig. 3a, b) shows
that both proteins contain an alpha-crystallin domain and
have a dimer interface. The sHsps are generally active as
large oligomers consisting of multiple subunits and are
believed to be ATP-independent chaperones that prevent
aggregation and are important in refolding in combination
with other Hsps. The potential for multimerization is
confirmed for these two sequences by corresponding motifs.
However, the longer form leads to a different protein and is
no longer in the COGO0071/IbpA gene family. Furthermore,
the N-terminus (first 60 amino acids) of Mt-shsp 19.5 is
tardigrade specific and has no relatives in other organisms.
Prosite motifs support the Hsp signature for both proteins
and include only often occurring modification motifs. The
longer sHsp protein has several potential phosphorylation
modification sites predicted in the N-terminus.

To obtain more insight into the differential behaviour of
both proteins, potential interaction partners were predicted
using the interaction database STRING (von Mering et al.
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Fig. 1 Alignment of two «-crystallin/small heat-shock proteins from M.
tardigradum with o-crystallin/small heat-shock proteins from Ixodes
scapularis (EEC06453), Acyrthosiphon pisum (XP_001949446), Bombyx

2005). Using the hsp homolog for Mt-shsp 17.2 known from
Drosophila melanogaster (protein CG14207-PB, isoform
B), it appears that there is a tight interaction network in
which the Mt-shsp 17.2 homolog is involved. The protein
Mef2 (Myocyte enhancing factor 2) is critical for the
regulation of this network and one of the proteins regulated
by it is glyceraldehyde 3-phosphate dehydrogenase.
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Locusta migratoria (ABC84493). Black high homology, grey weak
homology, blank no homology

In addition to their developmental function, a number of
Mef2 target genes are involved in muscle energy produc-
tion or storage and were identified in Drosophila. As it
would be interesting to identify a similar adaptation in
tardigrades, we searched by iterative sequence alignment
techniques for tardigrade homologues of both proteins.
Interestingly, we found the regulatory protein in the
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Fig. 3 a Domain analysis of Mt-shsp 17.2 shows that it contains an
alpha-crystallin domain (residues 34-113) from the Hsps-p23-like
superfamily. There is a putative dimer interface predicted, and residues
1 to 127 belong to COGO071/IbpA, molecular chaperon COG.
Compared to other known metazoan proteins, this is a small single
domain protein (most others have multidomain context). The closest
neighbour by sequence comparison is the heat-shock protein 20.6
(putative) from I scapularis (e-value 4e—13) but there are also the
well-characterised ones, e.g. from B. mori similar over most of the
sequence (13—131) with an e-value of 2e—12. b Domain analysis of
Mt-shsp 19.5 Domain analysis shows that also this protein contains an

eutardigrade species Hypsibius dujardini. Furthermore, a
putative regulatory protein, which could be involved in the
network in M. tardigradum, has a predicted dual specificity
kinase function. Glyceraldehyde 3-phosphate dehydroge-
nase is found in M. tardigradum. In contrast, it turns out
that the longer form Mt-shspl9.5 is not predicted to be
involved in this adaptive network. There are no interactions
predicted by the STRING database, and furthermore, this is
in accordance with our experimental observation that no
induction in expression is observed.

Both small heat-shock protein genes were also investigated
for regulatory motifs. They contain a number of insignificant
motifs in the corresponding untranslated regions. Such patterns
with a high probability of occurrence (and which have a high
chance of false-positive predictions) include SeCys insertion
sequences and GAIT (gamma interferon activated inhibitor of
coeruloplasmin mRNA) elements. However, it cannot be ruled
out that some type of similar regulation occurs in both of them.
Furthermore, the long shsp mRNA contains an iron-
responsive element structure at position 1188 (see Electronic
supplementary material). Here, the chance of occurrence is
sufficiently low to suggest functional significance. How-
ever, as nothing is known about iron-responsive element-
binding proteins in tardigrades and the structure may also
be targeted by other proteins, this merely suggests a
stability prolonging regulatory element in this region,
compatible with the stable, unchanging level of this heat-
shock protein mRNA.

metazoan_ACD

alpha-crystallin-Hsps_p23-like superfamily

alpha-crystallin domain (residues 76—154) from the Hsps-p23-like
superfamily. At the N-terminal end of the domain, there is again a
dimer interface predicted but somewhat weaker. There is highest
similarity (1e—33 to heat-shock protein 20.6 isoform 2 from Nasonia
vitripennis; residues 42—173) but again also to the B. mori version
(residues 60—156) with 7e—33. Compared to other known metazoan
proteins, this is again a small domain protein (most others have
multidomain context). However, compared to the shorter version Mz-
shsp 17.2, we have here a tardigrade-specific N-terminus (first 75
residues) not occurring in other organisms

Discussion

In this study, the stress response of the eutardigrade M.
tardigradum was analysed during anhydrobiosis by inves-
tigating the expression changes of stress-gene coding
sequences for different classes of heat-shock proteins.
Sequences were found with significant homologies to
several proteins of stress response in EST libraries for M.
tardigradum. Among them are complete coding sequences
for a chaperonin Hspl0 and two «-crystallin/small heat-
shock proteins of 17.2 kDa (150 amino acids) and 19.5 kDa
(174 amino acids).

Small Hsps prevent protein aggregation and act as
molecular chaperones during several kinds of stress
(Haslbeck 2002). Studies on sHsp regulation in dormancies
of different organisms revealed heterogenous patterns
(Bonato et al. 1987; Yocum et al. 1991; Denlinger et al.
1992; Liang et al. 1997a; Yocum et al. 1998; Tammariello
et al. 1999; Cherkasova et al. 2000; Goto and Kimura 2004;
Rinehart et al. 2007; Gkouvitsas et al. 2008), indicating a
diverse array of functions. An essential upregulation of shsp
has been suggested for cold hardiness in the flesh fly
Sarcophaga crassipalpis (Rinehart et al. 2007). One of the
two M. tardigradum shsp sequences, Mt-shspl7.2, is
strongly inducible by heat-shock treatment, but not
regulated during anhydrobiosis. On the contrary, Mt-
shspl19.5 is not inducible by heat and is downregulated
in animals in the transition from the anhydrobiotic to the
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active state. This leads to the assumptions that both shsps
feature different functions. Due to the low expression
changes, their role in the anhydrobiosis of tardigrades is
questionable, although it is not yet known if there is a
sufficient basal level of sHsp proteins in M. tardigradum, so
that upregulation is not necessary. However, the importance
of small heat-shock proteins is clearly demonstrated in
Artemia franciscana. A massive accumulation of the sHsp
p26 occurs in diapausing embryos of this brine shrimp
(Liang et al. 1997a; Liang et al. 1997b). The protein p26 is
able to move into the nucleus (Clegg et al. 1995) and is
thought to protect and/or chaperone, in cooperation with
Hsp70, the nuclear matrix proteins (Willsie and Clegg 2002).

This study provides additional data towards the under-
standing of hsp70 expression during the anhydrobiosis of
tardigrades. Schill et al. (2004) described three isoforms of
inducible Asp70 from M. tardigradum. The isoform 1 and
the isoform 3 did not have a specific function for
cryptobiosis. By contrast, transcription of isoform 2 was
significantly induced in the transitional stage II between the
anhydrobiotic and active stage in M. tardigradum. Assum-
ing that a higher mRNA amount may lead to a higher
protein content, a functional role of Hsp70 during anhy-
drobiosis can be suggested, either during anhydrobiosis or
as part of a general stress-response mechanism. Since that
assumption might not hold, an alternative role might be to
prevent protein unfolding and aggregation resulting from
the loss of cellular water that takes place during the entry to
anhydrobiosis, or in the establishment of a system with
refolding capacity to provide functional proteins during and
after rehydration.

The lower expression of Mt-hsp70-1 and Mt-hsp70-2
during the transition to the active state supports the
hypothesis that preceding the actual anhydrobiotic state
there is preparation for the time of rehydration. In the
eutardigrade species R. coronifer, a lower level of Hsp70
protein was found in desiccated animals when compared
with active ones (Jonsson and Schill 2007). Assuming that
M. tardigradum and R. coronifer share the same character-
istics during desiccation, the upregulated Mt-hsp70-3
transcript belongs to Hsp70 proteins, which contribute only
a small part of the Hsp70 contingent in the cell. Because the
antibody used by Jonsson and Schill (2007) was broadly
reactive to a wide range of Hsp70 family members, a more
prominent Hsp70 isoform might have a higher impact on
the overall protein content. However, we note that the low
expression of Asp70 genes and low levels of proteins in
tardigrades are similar to data derived from dehydration
experiments with yeast containing different amounts of
Hsp70 (Guzhova et al. 2008).

Research on Hsp90 revealed many different functions in
cells. It acts as a controller of critical hubs in homoeostatic
signal transduction, as a regulator of chromatin structure,
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gene expression, development and morphological evolution
and is also involved in the secretory pathway (McClellan et
al. 2007; Pearl et al. 2008). Focusing on the role of Hsp90
as a molecular chaperone (Richter and Buchner 2001), the
expression changes of a partial putative Mt-hsp90 sequence
were analysed. Mt-hsp90 was the only sequence investigat-
ed in our study that was more abundant in the anhydro-
biotic state. However, an increase in its expression was not
detected in transitional stage 1. In the anhydrobiotic stage,
no translation took place, due to the reduced metabolic
activity (Pigon and Weglarska 1955), but a significantly
higher level of mRNA was observed, which subsequently
decreased after rehydration. If or to what extent the M-
hsp90 mRNA was stored for translation into protein during
and after rehydration is not known, nor do we know the
level required to be effective.

During the whole process of anhydrobiosis, no increased
expression was detected for transcripts with high homology
to Aspl0 and hsp60 sequences. Additionally, neither was
induced by heat shock at 37°C. Hence, these stress genes,
whose proteins are capable of binding and folding non-
native proteins (Horwich et al. 2007), which may occur
during desiccation, seem to play no relevant role in
anhydrobiosis in M. tardigradum.

Our investigation of the stress-gene responses in M.
tardigradum at the transcriptional level clearly shows that
most mRNAs are less abundant during anhydrobiosis than in
active animals, which may lead to a lower protein level.
However, as already mentioned, the levels of stress protein
needed for protection or repair in the tardigrade M.
tardigradum are not known. Focusing on the expression of
stress genes, our study suggests a minor role for stabilising
and refolding stress proteins, leading to the assumption that
denaturation of proteins due to drastic changes during
desiccation is not a significant problem for M. tardigradum.

The question then arises as to what confers desiccation
tolerance on M. tardigradum since trehalose (Hengherr et
al. 2008b), and stress proteins do not seem to be directly
involved. Recent studies showed the existence of other
carbohydrates, for example sucrose, sorbitol, inositol and
glycerol, have been found in M. tardigradum (unpublished
results). Those molecules are able to form biological
glasses, which may protect cellular structures according to
the vitrification hypothesis (Crowe 2002; Crowe et al.
1998). Another important factor might be the presence of
late-embryogenesis abundant proteins, which have been
detected in M. tardigradum (Schill et al. 2004, 2005;
McGee et al. 2005; Schokraie et al., submitted) and which
are present in many organisms that survive desiccation
(e.g. Wise and Tunnacliffe 2004; Goyal et al. 2005;
Chakrabortee et al. 2007). A combination of proteins and
carbohydrates may also play an important cellular protec-
tion role during desiccation in tardigrades.
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Abstract

Tardigrades are an independent animal phylum with remarkable adaptation against cold, heat,
radiation and vacuum, which they outlast in a dormant stage (tun). Recent available
information (e.g. from large EST sequencing projects) allows to investigate tardigrade-
specific adaptations. We present several examples and techniques of bioinformatical analyses
of the available tardigrade data. New integrative methods include ITS2 as a phylogenetic
marker and identification of RNA stability motifs. Clustering of protein families reveals
tardigrade-specific protein families and insights into mechanisms of oxidative stress tolerance,
protein repair, protein turnover, DNA protection and stress pathways. An example we show in
detail is the diversity of DNA-j like proteins that enhances the adaptation potential of
Milnesium tardigradum. A sketch of adaptation dynamics in tardigrades is presented together
with techniques for dynamical modelling, however, quantitative modelling requires still far

more data and detail.

Introduction

Tardigrades show remarkable stress and desiccation tolerance (Neumann et al., 2009). Direct
molecular information on different species and adaptations of this phylum is sparse. However,
due to the large amount of large-scacle EST sequence information and other data which
recently became available, there is now a potential for bioinformatics to improve insights into
adaptations and state switching in tardigrades.

In the following, the general potential for bioinformatics to study molecular tardigrade
adapatations is summarized. Large-scale EST data allow us furthermore to examine in detail
tardigrade-specific adaptations. This is shown for a large family of DNA-j-like proteins
prominent in M. tardigradum. Finally, we provide a first sketch on tools and necessary data

for a dynamical view on the tardigrade life cycle.
Methods

Sequence sources

We obtained all ESTs of M. tardigradum from our ongoing sequencing project of
M. tardigradum. For H. dujardini sequences we obtained all available EST sequences from
GenBank. Proteins were predicted using a BLASTX search against UniProtKB/SwissProt-,
UniProtKB/TrEMBL- and NR-database. The ORFs for nucleotide sequences which show a

significant result (Evalue < 0.001) were extracted. Sequences without result in BLASTX were



searched against the next more extensive database. For sequences without homology the

longest ORF was extracted.

Phylogenetic comparison of DnaJ proteins

All EST sequences (above) were searched for the DNA-j family profile hmm from PFAM
(DNA-j). The domains were extracted and a multiple alignment was created using clustalw
(version 2.0.12). The resulting sequences were bootstrapped and the maximum likelihood

consensus tree was calculated using the phylip package (version 3.68).

Dynamic modeling

Kinetic data are sparse. Hence no modeling with differential equations was attempted. EST
bank differences were calculated using Perl scripts, R statistics package and Bioconductor
suite (Gentleman et al., 2004). Potential metabolite pathways are calculated with
YANAsquare (Schwarz et al., 2007), involved protein families for regulatory adaptations used
sequence analysis and domain databases as well as the tardigrade wokbench (Forster et al.,

2009).
Results and Discussion

Options for bioinformatics to study tardigrade adaptations

Data resources for tardigrade bioinformatics are improving. These include H. dujardini focus

site www.tardigrades.org (Daub et al., 2003; currently offline), Genbank (7450 nucleotide and

25 protein tardigrade sequence entries on the 30" October 2009 including species-specific,
e.g., H. dujardini search option on the WEB; Wheeler et al., 2009) and large-scale EST data
(Table 1). For detailed analysis including clusters of related proteins we introduced recently
the tardigrade workbench http://waterbear.bioapps.biozentrum.uni-wuerzburg.de (Forster et
al., 2009).

Phylogenetic markers include ribosomal RNA with its internal transcribed spacer 2 (ITS2;
Koetschan et al., 2010). It combines sequence information (species distinction) and for larger
evolutionary distances structure information (Schultz et al., 2006; Coleman et al., 2003).
Considering compensatory base changes (CBCs) in the ITS2 indicate different species
(Mdiller et al., 2007). We could assign four different species for Paramacrobiotus (Schill et
al., 2009). RNA sequence and structure motifs: RFAM (Gardner et al., 2008) and UTRscan

(Pesole and Liuni, 1999) provide surprisingly complete resources to study these. According to



our recent EST data, tardigrades avoid vertebrate motifs for RNA instability such as AU-rich
elements (Shaw and Kamen, 1986) and prefer other motifs, e.g. 15-Lox Dice (Table 1).
Protein clusters include oxidative stress protection, dessication tolerance families (Alpert et
al., 2006), repair proteins, protein turnover and DNA protection (Table 1) or are tardigrade-
specific (TSPs; Forster et al., 2009). Conservation can be analyzed for different enzymes, for
conserved orthologous groups or contrasting tardigrades with animals in general (Table 2).
Thus the LEA protein family is a key adaptation for instance in C. elegans and a number of
other animals (Browne, 2002) as well as in tardigrades (according to our recent EST census
there are 13 identified LEA proteins in H. dujardini but only three LEA proteins in
R. coronifer, Table 1). Domain analysis may suggest partial functions for TSPs (Table 2, top):
In this TSP a chitin-binding domain type 2 is again found in D. melanogaster proteins though
the sequence homology spans only the chitin-binding domain and no other parts of the
protein. Further bioinformatical analysis including iterative sequence comparison but also
gene context methods and structure information (Gaudermann et al., 2006) allow to identify
pathways hidden in genomes or EST data (Table 1; Fig. 2). Recently also receptors were
biochemically found in tardigrades (P2X nucleotide receptors; Bavan et al., 2009).

Analysis of the DNA-j family

Tardigrade protein clusters reveal details of specific molecular adaptations. Different
members of the DNA-j family (Yamamoto, 1995) provide a good example. We use our
latest transcriptome data on M. tardigradum as well as public sequences from other
tardigrades. Both in M. tardigradum as well as in H. dujardini there are a number of such
DNA protective proteins apparent from an unrooted phylogenetic tree (Fig. 1). However, we
clearly see that protection by DNA-j family member proteins in M. tardigradum is higher then
in H. dujardini. We found 59 proteins in M. tardigradum and in H. dujardini only eight. In
addition they cluster in 20 (Mt) and 10 (Hd) COGs/KOGs, respectively. The latter classifies
key protein groups and genes according to clusters of orthologous groups (Tatusov et al.,
1997; Tatusov et al., 2003). This classification is also important in phylogenetic studies, it
rapidly compares the distribution of observed protein families with other organisms (Table 2).
Evidently, M. tardigradum has not only DNA-j-like proteins similar to those known from
R. coronifer and H. dujardini but also a multitude of further and different ones. This diversity
implies also a strongly enhanced adaptation potential and correlates well with the available

data from physiology on M. tardigradum (Neumann et al., 2009).



Concerted changes in tardigrade adaptation

At present, there are no accurate time-resolved data on molecular adaptation of tardigrades
available. However, the combination of all available data (ESTs, sequences, deduced proteins,
pathways, further experimental data on proteins and metabolites) allows a sketch on dynamics
of tardigrade adaptation (Fig. 2). Central carbohydrate metabolism can be involved in
protection of the tun stage. Thus trehalose protects Macrobiota in tun stage. However, overall
protection is not as good as in some tardigrades such as M. tardigradum with very low
trehalose at all stages. Tardigrades survive only weeks in active state but survive in tun stage
for up to 100 years by an almost complete reduction of their metabolic activity. Proper protein
folding, transport and DNA protection is conducted by the DNA-j protein family (Forster et
al., 2009 and this paper) during transition state II. Heat-shock protein protection (e.g. by Hsp
17.2) is involved in transition state I. Specifically, Hsp17.2 shows strong upregulation (778.6
fold) in transition state I and clear down regulation in transitions state II (Reuner et al., 2009).
Gene context methods (Jensen et al., 2009) predict it is activated by the key regulator Mef2.
Recent EST data show Mef2 is present in several tardigrades (Table 2). In contrast, heat shock
protein 19.1 from M. tardigradum is predicted not to be involved in this regulatory protein
interaction network. Other DNA and protein protective mechanisms (e.g. against oxidative
stress) are activated many fold in transition state I and II. Further adaptation strategies include
the increase of transporter mRNAs and formation of pores by aquaporins during cryptobiosis
(Mali et al., 2009). The water content decreases from 80-90% to 2-3% by a comparatively
slow, continuous process (Crowe, 1972). Trehalose levels increase to 0.153-0.472% of the dry
weight in Microbiota approaching the tun state (Hengherr et al., 2008), whereas the level of
trehalose in Echiniscus remains constant and is completely absent in M. tardigradum.
Furthermore, several peptides, detected with mass spectrometry, suggest the occurrence of
antifreeze proteins in M. tardigradum, the exact concentration is not known yet, but predicted
to be enriched in tun stage. More detailed bioinformatical modelling of pathways requires
direct metabolite measurements (Eisenreich et al., 2006) or at least a basic metabolic network
topoplogy to fit EST expression information and predict enzyme activities and fluxes
(Schwarz et al., 2007). Considering network information and in particular logical interactions
such as that one between Mef2 and hsp 17.2 mentioned above, new methods allow to turn
network descriptions into Boolean networks and subsequently into a dynamical model.
Experimental data fitted well with the modelling in heptocytes (Philippi et al., 2009). In
summary, we know already qualitatively a number of concomitant dynamic changes in

tardigrade adaptation. Bioinformatics provides methods for the description of these processes



and their dynamics, however, we need still a lot more detailed and accurate dynamical data to

fully apply them to tardigrades.

Conclusions

Fascinating views on the extreme adaptations of tardigrades turn to a molecular level such as
DNA-j-family proteins and apply bioinformatics for tardigrade species and pathway analysis.
Specific RNA motifs or splicing variants (e.g. hsp proteins) become visible. A general
impression on state specific changes and tools for their detailed modelling became available,
however, more quantitative data are required before detailed modelling of the transition from
active tardigrade to tun stage is possible. Currently this is outlined by analysis of EST and

first metabolite data.
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German Summary

Bioinformatik der Tardigraden: Molekulare Anpassungen, DNA-j Protein

Familie und dynamische Modellierung

Zusammenfassung

Tardigraden sind ein eigenstindiger Tierstamm mit einer auflergew6hnlichen
Anpassungsfdhigkeit gegeniiber Kilte, Hitze, Strahlung und Vakuum in der inaktiven
Tonnchenform. Neue Daten (z.B. von EST Sequenzierungsprojekten) machen es moglich,
diese Tardigraden-spezifische Adaptionsstrategien zu untersuchen. Wir zeigen verschiedene
Beispiele und bioinformatische Methoden zur Analyse dieser neuen Daten. Neue integrative
Methoden beinhalten ITS2 als einen Marker in phylogenetischen Studien bei Tardigraden und
die Identifizierung von RNA-Stabilititsmotiven. Tardigraden-spezifische Proteinfamilien
erlauben neue Erkenntnisse iiber oxidative Stresstoleranz, Reparaturproteine, Proteinumsatz,
DNA-Schutz und Stress-pathways. Ein detailliertes Beispiel analysiert die Diversitdt der
DNA-j dhnlichen Proteine, welche das Adaptionspotenzial von Milnesium tardigradum

verstarken. Eine Skizze der Anpassungsdynamik in Tardigraden zeigen wir hier zusammen



mit dynamischen Modellierungstechniken, aber eine quantitative Modellierung braucht noch

sehr viel mehr Daten und Details.
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Tables and Figures

Table 1: Bioinformatics methods for phylogeny and species adaptations in tardigrades

Method Example

Phylogenetics

Phylogenetic trees ITS2
CBC

Protein clusters similar proteins

LEA proteins
RNA motifs 3’ UTR
Adaptations
Pathway modelling M. tardigradum
H. dujardini
Dessication tolerance
Specific receptor
Gene expression
changes

Network model
DNA protection

M. tardigradum
M. tardigradum
H. dujardini
R. coronifer

Reference/Pointer

Koetschan et al., 2010
Guidetti et al., 2009 and Reuner et al., 2009
Tardigrade workbench (Forster et al, 2009),

www.tardigrades.org (Daub et al., 2003)
Browne et al., 2002

(13 LEA proteins in H. dujardini’, 3 LEA

proteins in R. coronifer’)
e.g. RFAM (Gardner et al., 2008)

15-Lox dice preferred motif (tardigrade)

AU-rich sequenes avoided motif (vertebrate)

Tardigrade workbench (Forster et al, 2009)
Genbank
General overview (Alpert et al., 2006)

P2X receptor (Bavan et al. 2009)
large scale EST comparisons

proteins or mRNAs activated only in tun

stage, e.g. hspl7.2 or DNAj family (this

paper)

Reuner et al., 2009 and this paper
Neumann et al., 2009

this paper; Forster et al., 2009
Jonnson and Schill, 2007

"Data from M. tardigradum are from an own ongoing EST sequencing effort and data from H.

dujardini and R. coronifer are from Genbank,
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Table 2: Typical examples of conserved proteins in tardigrades'?
MT® RC® HD’ HS® DM’ CE’
Hypothetical protein containing chitin binding >< ><

domain

Sucrase-isomaltase, intestinal
GIcNAXx-1-P-transferase

Mef2

X X X
X O X X

DNA j-family COG0484
DNA j-family KOG0714

"Data from M. tardigradum are from an own ongoing EST sequencing effort. *Data from H.
dujardini and R. coronifer are from Genbank. *Abbreviations: MT, M.tardigradum, RC, R.
coronifer, HD, H.dujardini, HS, Homo sapiens, DM, Drosophila melanogaster, CE,
C.elegans. A red cross indicates species were no homolog could be found. A green hook
indicates a homolog for the sequence was found within the corresponding dataset (details in

Materials and Methods).
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Figure 1: Maximum likelihood tree for the DNA j-family for tardigrades. The maximum
likelihood tree is generated by Figtree (version 1.2.3). Besides several DNA j-family protein
tardigrade sequences from Hypsibius dujardini (8 proteins, blue) and Richertisius coronifer (1
sequences, green) all Dna j-family members from Milnesium tardigradum (58 sequences, red)
are shown. EST sequences for M. tardigradum were obtained by our ongoing sequencing

project. EST sequence data for H. dujardini and R. coronifer were obtained from Genbank.
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ABSTRACT

The internal transcribed spacer 2 (ITS2) is a
widely used phylogenetic marker. In the past,
it has mainly been used for species level
classifications. Nowadays, a wider applicability
becomes apparent. Here, the conserved structure
of the RNA molecule plays a vital role. We have
developed the ITS2 Database (http://its2.bioapps
.biozentrum.uni-wuerzburg.de) which holds infor-
mation about sequence, structure and taxonomic
classification of all ITS2 in GenBank. In the new
version, we use Hidden Markov models (HMMs)
for the identification and delineation of the ITS2
resulting in a major redesign of the annotation
pipeline. This allowed the identification of more
than 160000 correct full length and more than
50000 partial structures. In the web interface,
these can now be searched with a modified BLAST
considering both sequence and structure, enabling
rapid taxon sampling. Novel sequences can be
annotated using the HMM based approach and
modelled according to multiple template structures.
Sequences can be searched for known and newly
identified motifs. Together, the database and the
web server build an exhaustive resource for ITS2
based phylogenetic analyses.

INTRODUCTION

The internal transcribed spacer 2 (ITS2) of the nuclear
rDNA cistron is a widely used phylogenetic marker.
In its early years it was specifically used for low-level

phylogenetic analyses, i.e. of species within the same
genus. At that time, only nucleotide information of the
fast evolving sequence was used. With analyses of the
two-dimensional structure of the molecule it became
evident that the structure is highly conserved throughout
the eukaryotes (1-3). The combination of a fast evolv-
ing sequence with a slow evolving structure within one
molecule suggested its capability for higher level classifi-
cations (4). In the last years, the ITS2 has been revealed to
be more than just an excellent phylogenetic marker. Its
applications include usage as a marker for species identi-
fication in environmental samples (phylochips) (5,6), as a
target molecule for barcoding (7,8) and for distinguishing
species (9). In many of these cases, the structure plays
a fundamental role.

Even though sequence databases typically include a
large quantity of ITS2 sequences, no coherent information
source existed so far including both sequence and struc-
ture information, with ITS2 specific annotations. As a
consequence of this lack, every scientist had to predict
the structure of each molecule in his/her dataset more or
less manually. Even worse, in the majority of phylogenetic
procedures as e.g. alignment or tree calculation the struc-
ture could not be used at all as the corresponding software
was not capable of integrating the structure information.
In order to tackle these problems and to be better able
to exploit the power of this intriguing molecule, we have
developed the ITS2 Database. Its goal is to provide a
valid structure for every ITS2 sequence within GenBank
and thereby to become an exhaustive data source for
sequence/structure based phylogenetic analyses, as well
as offering tools capable of exploiting the information
surplus obtained by these secondary structures. In this
article, we describe additions to the ITS2 Database in
terms of (i) new developments in automated structure
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prediction, (ii) new features for the access to the data via
the Web interface and (iii) new tools for the analysis of
ITS2 sequences.

DATA GENERATION

In the previous version of the database, we used a
BLAST (10) based approach for the detection of ITS2 in
un-annotated GenBank (11) sequences. We were able to
predict the structure of more than 35000 ITS2 where the
start- and end-positions were either lacking or misidenti-
fied. As BLAST per se is a local alignment tool (hence the
name) and the sequence length is very variable through-
out the eukaryotes, heuristics had to be implemented to
identify the start and end points of the ITS2. To improve
this approach, we have recently developed a Hidden
Markov Model (HMM) based method for the correct
delineation of the ITS2 (12). Start and end position are
inferred from the surrounding 5.8S and 28S regions, that
are highly conserved. This method initiated a complete
re-design of data generation for the ITS2 Database
(Figure 1). In the initial step, we searched through the
complete nucleotide database (nt) of GenBank for poten-
tial ITS2 sequences using hmmsearch (13). Simulta-
neously, all annotated ITS2 were extracted from
GenBank. In cases where both methods were informative
about the position of the ITS2, the HMM based infor-
mation superseded that from GenBank. This led to
196 697 sequences with positional information of the
ITS2 (Database accessed at the 22 June 2009). In the
second step, all retained sequences were folded using
UNAfold (14). Typical ITS2 features were shown by
63 645 structures, namely the conserved core of four
helices with the third as the longest. This was a substantial
increase compared to the previous approach where only

% \el:J8 Nucleotide Database

HMM Pattern
annotation search (ITS2,...) | |
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Unfold
Jj Blast annotation | <
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Figure 1. Flow chart of the new pipeline for the ITS2 annotation.
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GenBank annotations were taken into account. This
indicated the necessity of a correct delineation for the
folding step. In the next step, these structures served as
templates in the homology modelling process. In contrast
to the previous approach, we iterated the homology mod-
elling process until no further new correct structures were
identified. This resulted in an additional 99010 predicted
full-length structures, further underlining the presence of a
conserved structural core of the ITS2 throughout all
eukaryotes. Remaining sequences which could either not
be homology modelled or where start and end position
could not be predicted run through a final step resulting
in partial structures. A BLAST search against all iden-
tified sequence structure pairs was performed. All signifi-
cant hits (E-value <107'") were extended in both
directions by five bases. Finally, we applied a less strict
homology modelling which required at least two con-
catenated helices with a transfer larger than 75% each.
This resulted in more than 50000 partial structures.
Using the modified pipeline, which would run in a single
core 1221 days, we now provide structural information for
over 210000 ITS2, doubling the number of the previous
version. As a detailed taxonomic breakdown (Table 1)
the best coverage is found in fungi and plants with 80
and 93%, respectively. Only for ~25% of the metazoan
ITS2 sequences, a structure could be predicted. This could
indicate a deviation from the ‘common core’. It could
also be caused by problems of UNAfold to identify the
correct fold, leading to a paucity of templates for
homology modelling. Additionally, the ITS2 Database
now contains a record for each GenBank entry which
was identified either via textual annotation or our HMM
based annotation tool, rendering it as an exhaustive
resource for ITS2 sequences and structures.

WEB INTERFACE
Search tab

In addition to a search for sequences and structures
with GenBank identifiers or species information, we now
also provide a BLAST based search. However, standard
BLAST procedures are frequently not able to identify
distantly related ITS2 sequences because of their high
sequence divergence. To overcome this hindrance, we
have implemented a sequence and structure based
BLAST search that includes information about the
highly conserved structure for the homology search. The
sequence-structure BLAST uses an ITS2 specific 12 x 12
scoring matrix representing each nucleotide/structure
combination as tuple. This matrix is also used in 4SALE
(15) and, as corresponding rate matrix, in ProfDistS
(16) for automatic sequence-structure alignment and
phylogenetic reconstruction, respectively. Thus, species
sampling that starts with any sequence of interest and
covers broad taxonomic ranges has become as simple as
a BLAST search.

Annotate tab

The web interface does not only present access to the
information stored in the database. Further, it provides
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Table 1. Taxonomic breakdown of predicted ITS2 structures
Structure Partials All
Count Percentage Count Percentage Count Percentage
Alveolata 1750 34.67 947 18.76 5048 53.43
Amoebozoa 19 13.01 9 6.16 146 19.18
Apusozoa 0 0.00 0 0.00 35 0.00
Choanoflagellida 0 0.00 0 0.00 1 0.00
Cryptophyta 25 38.46 17 26.15 65 64.62
Environmental samples 26 28.26 7 7.61 92 35.87
Euglenozoa 3 0.62 191 39.71 481 40.33
Fornicata 0 0.00 0 0.00 3 0.00
Fungi 79251 59.14 28124 20.99 134005 80.13
Fungi/Metazoa incertae sedis 2 2.86 0 0.00 70 2.86
Haptophyceae 6 19.35 3 9.68 31 29.03
Heterolobosea 1 0.59 1 0.59 170 1.18
Metazoa 4754 20.14 1357 5.75 23603 25.89
Nucleariidae 0 0.00 0 0.00 2 0.00
Parabasalidea 1 0.51 0 0.00 197 0.51
Rhizaria 12 2.66 2 0.44 451 3.10
Rhodophyta 27 3.52 28 3.65 768 7.16
Stramenopiles 4441 52.01 2537 29.71 8539 81.72
Viridiplantae 72322 72.95 20488 20.67 99 141 93.61
Sum 162 640 59.61 53711 19.69 272848 79.29
tools for researchers to process newly determined requested sequences with the best fitting suboptimal

sequences and to integrate them with already published
ones. As shown in the data generation pipeline, correct
delineation of the ITS2 sequence can be crucial for
structure prediction. We therefore have implemented a
web-based interface for the HMM based annotation.
It integrates five taxon-specific HMMs for searches and
several individually selectable parameters, as e.g. cut-off
E-value or size limitation. As a result, delimited ITS2
sequences are shown as well as the predicted hybrid
of 5.8S and 28S rRNA as a confirmation of the HMM
annotation’s accuracy (12).

Model tab

After annotation of newly retained ITS2 sequences and
selection of a taxon sampling from the ITS2 Database,
secondary structures may be determined by two means:
First, prediction may be accomplished by homology mod-
elling with the complete set of sequences and structures of
the database serving as templates (Predict tab). A second
approach is to identify the best template structure within
the taxon sampling and use it for homology modelling of
the remainders (Model tab). To date, one had to manually
run through all possible templates and select the one
which resulted in the highest helix transfer percentages.
To avoid this tedious and somewhat arbitrary procedure,
we now provide the possibility to use multiple sequence-
structure pairs to model multiple target sequences. The
database will calculate all against all structures and
select the template which resulted in the homology predic-
tion with highest percentages of helix transfers for all
target sequences.

Similarly, suboptimal structures of a sequence as e.g.
retained from minimum free energy folding software,
may be given as template input for a set of sequences.
As a result, the database will model the structure for all

secondary structure. This is needed, as sometimes the
energetically best structure is not the biologically correct
one. As the complete homology modelling approach is
independent of the ITS2, it may be used to predict the
secondary structure of any RNA given a homologous
molecule with a known structure.

Motif tab

In addition to the overall structure, conserved motifs like
an UGGU sequence preceding the apex of the third helix
and a pyrimidine—pyrimidine mismatch in the second helix
have been described for the ITS2 (2). In the aforemen-
tioned study, identification of these motifs was based on
a small dataset and performed mainly by manual inspec-
tion. With the availability of the large set of ITS2
sequences in our database, we searched in an automatic
way (17) for highly conserved motifs in the ITS2. From
our pool of homology models, we randomly extracted a
set of unique species. Analysing separately fungal and
plant alignments, known and novel motifs were identified.
Although the UGGU motif 5 side to the apex of helix I1I
differs in its composition for fungi, it is located in a
corresponding position. For both kingdoms, the U-U
mismatch is surrounded by two motifs: one to the left of
helix II and one to the right between helix II and III
with additional AAA (Figure 2). Having transformed
these sequence motifs into HMMs, we now provide
identification of these motifs in sequences of interest
(Motif tab).

The ITS2 of Dahlia brevis as an example

As an example to illustrate the information that can be
extracted from the database and the Web interface we
analysed the ITS2 of D. brevis (18). Looking up the
entry for the GenBank identifier 31281745 in the ITS2
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Figure 2. General ITS2 topology and visualization of plant HMM motifs for the secondary structure of D. brevis (gi: 31281745). Annotation from
HMMs of 5.8S and 28S are displayed as dotted lines tracing the outline of their position, whereas the ITS2 motif HMMs are represented by coloured
lines. In parts of these motifs, nucleotide frequencies are presented (21,22). Nucleotides are coloured yellow in unpaired regions, whereas paired
nucleotides are blue. CBCs between secondary structures of D. brevis and D. scapigeroides (gi: 31281755) are shown in red.



Database revealed a stereotypical ITS2 structure
(Figure 2). It adopts the common four helix structure
with the third as the longest. Additionally, all sequence
motifs characteristic for plants are present. In a com-
parison with another species, here D. scapigeroides
(gi: 31281755), two Compensatory Base Changes (CBCs)
could readily be identified. Indeed, two sequences belong
with a probability of 93% to two different species, if at
least one CBC is present (9). It should be mentioned,
that the CBC criterion works only in one direction. The
presence of more than one CBCs indicates with high
probability two different species, if there is no CBC,
there still could be two species. As D. brevis follows all
the stereotypes of an ITS2 as the best scoring sequence
resulting from all motif searches, it was selected as the
‘May 2009’ ITS2 in the newly added rubric ‘ITS2 of the
Month’.

CONCLUSIONS

With the new pipeline for structure prediction, the ITS2
Database now provides information about the structure
of more than 210000 ITS2 molecules, nearly 80% of
all ITS2 sequences in GenBank, covering all major taxo-
nomic units. Having the structure available is only the first
step for a successful phylogenetic analysis. It would be
a pity to use the structure only for the manual refinement
of an alignment and neglect it in all other steps. We thus
have developed additional stand-alone programs for
the entire procedure, which includes automatic alignment
calculation [4SALE (15)] as well as tree reconstruction
[ProfDistS (16)] considering both, sequences AND
secondary structures (these programs have to be down-
loaded separately). Together, they are seamlessly
integrated into a pipeline from sequence through structure
and finally to the phylogenetic tree (19). Finally, species
boundaries in the dataset can be estimated using the
CBCanalyzer [(20), meanwhile also implemented in
4SALE].

The application of secondary structures for the recon-
struction of phylogenies improves not only the stability
of resulting trees, but more importantly increases the
accuracy of phylogenetic estimations (muanuscript under
preparation). Thus, it would be desirable to include struc-
tural information not only for the ITS2, but also for other
frequently used phylogenetic RNA markers.
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Abstract

Background: In several studies, secondary structures of ribosomal genes have been used to improve the quality of
phylogenetic reconstructions. An extensive evaluation of the benefits of secondary structure, however, is lacking.

Results: This is the first study to counter this deficiency. We inspected the accuracy and robustness of
phylogenetics with individual secondary structures by simulation experiments for artificial tree topologies with up
to 18 taxa and for divergency levels in the range of typical phylogenetic studies. We chose the internal transcribed
spacer 2 of the ribosomal cistron as an exemplary marker region. Simulation integrated the coevolution process of
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sequences with secondary structures. Additionally, the phylogenetic power of marker size duplication was
investigated and compared with sequence and sequence-structure reconstruction methods. The results clearly
show that accuracy and robustness of Neighbor Joining trees are largely improved by structural information in
contrast to sequence only data, whereas a doubled marker size only accounts for robustness.

Conclusions: Individual secondary structures of ribosomal RNA sequences provide a valuable gain of information
content that is useful for phylogenetics. Thus, the usage of ITS2 sequence together with secondary structure for
taxonomic inferences is recommended. Other reconstruction methods as maximum likelihood, bayesian inference
or maximum parsimony may equally profit from secondary structure inclusion.
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Background

In the last decades, traditional morphological systema-
tics has been augmented by novel molecular phyloge-
netics. One advantage of molecular data is the increased
amount of parsimonious informative characters retained
from genes that are usable for the inference of evolu-
tionary relationships. This transition from few morpho-
logical features to abundant nucleotide or amino acid
information has been a breakthrough for investigations
of species relationships [1].
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However, genetic data often inherits ambiguous infor-
mation about phylogenetic relationships. Especially for
very closely or distantly related taxa, certain parts of
data sets may contradict each other or carry insufficient
information. Phylogeneticists counter such problems e.g.
by increase of the marker’s size by inclusion of more
nucleotides, thus increasing the amount of available data
[2]. Moreover, different markers are combined, so that
for example nuclear or mitochondrial genes are concate-
nated to increase the power of phylogenetic inferences
[3,4]. These methods however face new problems.
Increase of the number of nucleotides does not necessa-
rily improve the accuracy of a tree reconstruction. Sto-
chastically, only the robustness of the results is
increased, if the complete elongated sequence evolved

© 2010 Keller et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.
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under the same evolutionary constraints [5]. The second
method, marker concatenation, combines genes that
result from different evolutionary processes and thus
indeed include different evolutionary signals that may
improve accuracy. However, they need to be investigated
with marker-specific phylogenetic procedures as e.g.
varying substitution models [6-8].

In this study we evaluate an alternative method applic-
able to ribosomal RNA (rRNA) genes that increases
information content without addition of nucleotides. As
non-coding RNA fragments of the genome, the rRNA
gene is generally capable of folding into a secondary
structure. In most cases, these structures are necessary
for cell function and are thus evolutionarily conserved.
Accordingly, structural information may be treated as a
conserved marker. Secondary structures of ribosomal
RNA therefore offer an additional source of information
for tree reconstruction. In particular this is a major
advantage in cases where secondary structures are very
conserved, yet mutations of nucleotides occur fre-
quently. This applies to the internal transcribed spacer 2
(ITS2) of the eukaryote ribosomal cistron [9,10]. Its sec-
ondary structure is evolutionarily maintained as it is of
importance in ribogenesis. By contrast, the evolutionary
rate of its sequence is relatively high and it is not pre-
sent in the mature ribosome.

ITS2 sequences have been commonly used to infer
phylogenies. Moreover, several studies already included
secondary structures in their analyses either by morpho-
metrical matrices or by sequence-structure alignments
[11-16]. All these studies agree that the resulting recon-
structions are improved by the secondary structures.
However, no study has investigated and evaluated this
benefit in detail. Evaluations of phylogenetic procedures
are typically performed by two different means: the
most commonly applied confidence measure in phyloge-
netics is non-parametric bootstrapping. Bootstrap sup-
port values are a measure of robustness of the tree and
allow identification of trees or parts of trees that are not
unambiguously supported by the data [17,18]. The sec-
ond point of interest is accuracy measured by the dis-
tance between the real and the reconstructed tree. As
the ‘real’ biological tree of life is not available, a switch
to sequence simulations along ‘real’ artificial trees is
necessary [19]. In this study we (1) simulate ITS2
sequences along evolutionary trees and (2) compare the
results of tree reconstructions by sequence only data
and combined sequence-structure data. Additionally, (3)
the benefit of structural data is compared with that of
sequence elongation. Furthermore, (4) a small biological
example of plant phylogeny is presented in which recon-
structions that either base on sequence-only or
sequence-structure data are compared.

Page 2 of 12

Results

The overall calculation time took 80,000 processor
hours on our 40 nodes network cluster. Each node com-
prised four Xeon 2.33 GHz cores. In total 448 GB RAM
were used by the cluster.

The shapes of bootstrap, Quartet distance and Robin-
son-Foulds distance distributions were similar for equi-
distant and variable distance trees. However, the
branches of the trees for each underlying data set
(sequence, sequence-structure and doubled sequence)
received higher bootstrap support values and fewer false
splits with constant branch lengths compared to variable
distances, though differences were minimal (Figs. 1, 2, 3
and 4). Only Quartet distances are shown, since they are
congruent with the results of the Robinson-Foulds dis-
tance (Additional file 1). Additionally, we included a
relative per-branch representation of accuracy divided
by the number of internal nodes in the Additional file 1.
Bootstrap values and tree distances obtained by differing
ancestor sequences were similar in their distributions
and thus combined for each scenario during the analysis
process. Naturally, with increasing branch lengths, all
three investigated data sets (sequences, doubled
sequences and sequence-structure) became less accurate
and robust, i.e. Quartet distances increased and boot-
strap support of nodes decreased. This effect was also
observable with an increasing number of external nodes.

Differences between the three methods also increased
with evolutionary distance and number of taxa. Thus,
the three methods (especially sequence-structure and
doubled sequence) yielded almost similar results with
low divergence (e.g. branch length 0.05) and few taxa (e.
g. 10 taxa), whereas the results were different with
branch lengths above 0.25 and at least 14 taxa.

For the lowest branch length we simulated, i.e. 0.025,
in comparison to medium divergences a decreased accu-
racy and bootstrap support was observable with all three
methods. This is explainable by too few base changes as
providing information for phylogenetic tree
reconstruction.

Sequence data performed best in reconstruction of
trees (as the maximum and minimum of the spline-
curves for bootstraps and tree distances, respectively) at
a divergence level between 0.05 and 0.1. Sequence-struc-
ture shifted the optimal performance to higher diver-
gences. This effect was also observable for doubled
sequence, however it was not as prominent as for
sequence-structure.

In general, the robustness of recalculated trees was
highest for doubled sequence information contents.
However, inclusion of secondary structures largely
increased the bootstrap support values of nodes in con-
trast to normal sequence data. There is thus a
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Figure 1 Bootstrap support values for equidistant trees. All five ancestral sequences were combined for a given scenario. (a) Boxplot and
solid splines are for 14 taxa scenarios of the three methods. Dashed lines and dotted lines are splines of ten and 18 taxa, respectively. (b) Direct
comparison of the 14 taxa splines and medians of all three methods. Sample sizes are 7,000, 11,000 and 15,000 for each of the ten, 14 and 18
taxa scenarios, respectively. Splines show a decrease of robustness with increased number of taxa used and increased branch lengths. Secondary
structure and doubled sequences show an improvement in robustness in contrast to normal sequence information.

robustness benefit to using secondary structure that is
not directly comparable to benefits achieved by marker
elongation.

Additionally, the accuracy of the trees benefitted from
secondary structures: the number of false splits was sig-
nificantly reduced compared to sequence as well as
doubled sequence data. Thus sequences-structures
yielded the most accurate results in our comparisons.

The results of trees reconstructed with sequence data
and sequence-structure data for the plant example were
very different. Sequence only information resulted in a
correct topology reconstruction of genera (Fig. 5). How-
ever, the family of the Malvaceae could not be resolved.
This supports the notion that the optimum divergence

level of ITS2 sequences is at the species/genus level (see
as well Additional file 2). By contrast, all genera and
families could be resolved with secondary structures.
This results in a flawless tree topology and highlights
the improved accuracy. Furthermore, the robustness of
the tree has been enhanced and the optimal divergence
level has been widened.

Discussion

Number of Taxa and Divergence

Based on the simulations, we draw several conclusions
regarding phylogenetic tree reconstructions with and
without secondary structures. First of all, the robustness
of a tree and its accuracy were significantly negatively
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Figure 2 Quartet distances values for equidistant trees. All five ancestral sequences were combined for a given scenario. (a) Boxplot and
solid splines are for 14 taxa scenarios of the three methods. Dashed lines and dotted lines are splines of ten and 18 taxa, respectively. (b) Direct
comparison of the 14 taxa splines and medians of all three methods. The samples size of each scenario is 1,000. The accuracy of tree topologies
decreases with more taxa and greater evolutionary distances between sequences. Trees calculated with secondary structures or doubled
sequences show greater accuracy than those determined with normal sequences.

correlated with number of taxa. This is the case even for
normalized per-branch accuracy data (Additional file 1).
Graybeal [20] argues that an increased taxon sampling
enhances accuracy of a resolved tree in the ‘Felsenstein
zone’. We argue that such an enhancement is the case
for special occurrences of long branch attraction, but
not, according to our study, for general tree topologies.

This is in accordance with Bremer et al. [2] as well as
Rokas and Carroll [21], who also notice a slight decrease
in accuracy with increased taxon sampling.

Secondly, according to Yang [22], a gene has an opti-
mum level of sequence divergence for phylogenetic stu-
dies. The upper limits are reached when the observed
difference is saturated, whereas the lower boundary is
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Figure 3 Bootstrap support values for trees with variable branch lengths. Subfigures are explained in Figure 1. Sample sizes are 7,000,
11,000 and 15,000 for each of the ten, 14 and 18 taxa scenarios, respectively.

lack of information content caused by too few substitu-
tions. We observed a similar pattern so that we are able
to estimate the divergence level of best performance for
ITS2 sequences with and without secondary structures.
However, these differ for sequence data and sequence-
structure data in two ways: inclusion of secondary struc-
tures shifted the best performance to a higher level of
divergence. Thus, organisms that are more distantly
related can be included in phylogenies. Furthermore, the
range of optimal performance is wider for sequence-

structure data. A shift to more distantly related
sequences does not necessarily mean that relationships
of closely related taxa are not any more resolvable. In a
review Coleman [9] also identified this potential of ITS2
secondary structures by discussing several case studies.
The small biological example of the Malvales and Sapin-
dales in this study supports this notion. Our study
mainly covers artificial data: a large scale comparison
with biological data regarding the extension of the per-
formance span is still desirable.
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Robustness and Accuracy

A substantial benefit to tree robustness was observable
when including secondary structure information. Trees
reconstructed with secondary structures are generally
better bootstrap-supported by the data than those
resulting from sequence only data [18]. This is caused
by a gain of information content due to increased num-
ber of states possible for each nucleotide (unpaired,
paired). This information is extractable with a suitable
combined score matrix as implemented in 4SALE [23]
or similar by site partitioning as in PHASE [24].

The major benefit we identified for phylogenetics is
the improvement of accuracy. Sequences-structures per-
formed far better than sequences alone in matching the
‘real’ tree, especially for high divergences. The resulting
immense profit for phylogeneticists is obvious. It is the
most crucial property of a phylogenetic tree to be as
accurate as possible.

Secondary structure vs. Marker elongation

Both, inclusion of secondary structures and increase of
the number of nucleotides improved the reconstructed
phylogenetic trees. However, inclusion of secondary
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structure in the reconstruction process is not equivalent
to marker elongation. The major effect of more nucleo-
tides is to increase the bootstrap support values. This
has already been demonstrated by other authors [2,5].
With a theoretical increase of marker’s length to infi-
nitely large, corresponding bootstraps within a tree will
stochastically be maximized as they exactly represent
the data. In contrast, the benefit of secondary structures
is predominantly the improvement of a tree’s accuracy.
Thus, additional sequence elongation and secondary
structures represent different types of information
increase. As the secondary structure analysis already
covers the whole marker region of the ITS2 sequence,
sequence elongation is not possible for real biological
data.

The results retained in this study for the ITS2 region
may be transfered to other ribosomal genes. However,
the combination of a conserved secondary structure
with a variable sequence seems to be of major benefit in
phylogenetic studies. Other ribosomal markers, as e.g.
5.8S or 28S rRNA genes may profit less from addition
of secondary structures than the ITS2, as the markers
themselves are relatively conserved.

Conclusions

Secondary structures of ribosomal RNA provide a valu-
able gain of information content that is useful for phylo-
genetics. Both, the robustness and accuracy of tree
reconstructions are improved. Furthermore, this enlarges
the optimal range of divergence levels for taxonomic
inferences with ITS2 sequences. Thus, the usage of ITS2
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sequence together with secondary structure for taxo-
nomic inferences is recommended [25]. This pipeline is
theoretically as well applicable to other reconstruction
methods as maximum likelihood, bayesian inference or
maximum parsimony. They may equally profit from sec-
ondary structure inclusion.

Methods

Simulation of ITS2 Sequences

Simulations of ITS2 sequences were performed with
SISSI v0.98 [26]. Secondary structures were included in
the simulation process of coevolution by application of
two separate substitution models (Fig. 6, Additional file
3: Tab. 1 and Tab. 2): firstly we used a nucleotide 4 x 4
GTR substitution model Q. for the evolution of
unpaired nucleotides and secondly a dinucleotide 16 x
16 GTR substitution model Qg,.; for substitution of
bases that form stem regions [11,27]. Q,.; and Qgzryct
were both estimated by a manually verified alignment
based on 500 individual ITS2 sequences and structures
with a variant of the method described by Miiller and
Vingron [28]. For lack of information about insertion
and deletion events in the ITS2 region, such were not
included into the simulations.

Simulations were started given (a) an ancestral
sequence and (b) a reference tree that contained (c) spe-
cific branch lengths and (d) a certain number of taxa. In
total, we used 10 different branch lengths, 5 ancestral
sequences and 6 different trees (3 topologies for equal
and variable branch length) resulting in 300 different
combinatory conditions as evolutionary scenarios. (a)
Ancestral sequences and structures were taken from the
ITS2 database after HMM annotation [29-31]. They
represented a cross section of the Eukaryota i.e. Arabi-
dopsis (Plants) [GenBank:1245677], Babesia (Alveolata)

[GenBank:119709754], Gigaspora (Fungi) [Gen-
Bank:3493494], Gonium (Green Algae) [Gen-
Bank:3192577] and Haliotis (Animals)

[GenBank:15810877]. (b) The complete procedure was
accomplished for two trees that shared a similar topol-
ogy (Fig. 7). Tree shapes were chosen to resemble trees
of a previously published simulation study [32]. The first
was a tree that included constant branch lengths,
whereas the second tree alternately varied +/- 50% of a
given branch length. (c) The used branch lengths were
0.025, 0.05, 0.01, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4 and 0.45.
For comparison, pairwise distances of a typical phyloge-
netic study with ITS2 sequences have been added as
Additional file 2. (d) Reference trees were calculated for
10, 14 and 18 taxa. The ancestral sequence served as an
origin of the simulated sequences, but was not included
in the reconstruction process and resulting tree.

Each simulated sequence set contained sequences
according to the number of taxa. Sequence sets were
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generated. Multiple sequence alignments were created for each of these sets and evolutionary distances were estimated with Profile Neighbor
Joining. Resulting trees were afterwards compared with the reference trees and regarding their bootstrap support values. Qs.q and Qs are the

accepted as composed of ITS2-like sequences if the
structure of each sequence had been determinable by
homology modeling with a threshold of 75% helix trans-
fer [33]. For homology modeling, the ancestral sequence
served as a template. Thus, each structure had four
helices with the third helix as the longest. This accep-
tance scheme has been introduced for two reasons: the
data is very similar to biological samples [10] and the
structure prediction method is equal to that used at the
ITS2 database [30] as well as phylogenetic reconstruc-
tions [25]. In total, 2,000 valid sequence sets were
obtained for each scenario, what corresponds to 600,000
sequence sets summarized over all scenarios.

The complete sequence set is downloadable at the
Supplements section of the ITS2 Database http://its2.
bioapps.biozentrum.uni-wuerzburg.de/.

Sequences and Structures of the Data Sets

Sequence data set: for each scenario, the order of the
2,000 simulated sequence sets retained from SISSI was
shuffled. The first 1,000 were chosen and used as a
sequence data set.

Sequence-structure data set: for each of the sequence
sets used in the sequence data set, we determined the
individual secondary structure of each sequence by
homology modeling with at least 75% helix transfer [33].
The ancestral sequence was used as a template. Thus,
for the sequence-structure data set we combined
sequences with their respective secondary structures
according to Seibel et al. [23]. Note, this approach using
individual secondary structures is in contrast to align-
ments only guided by a consensus structure. Doubled
nucleotide data set: The remaining 1,000 simulated
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sequence sets were used to exemplify effects on phylo-
genetic analyses of a hypothetical ITS2 gene size dupli-
cation. Each sequence of these sets was concatenated
with a corresponding sequence of the sequence data set
(same taxon in the simulation trees). Thus we received a
data set of doubled nucleotide content that includes as
well 1,000 sequence sets.

Reconstruction of Simulated Phylogenetic Trees

For each simulated sequence set, ClustalW v2.0.10 [34]
was used for calculation of multiple sequence

alignments. In the cases of sequences and doubled
sequences we used an ITS2 specific 4 x 4 scoring matrix
[29,30]. For secondary structures, we translated
sequence-structure information prior to alignment into
pseudoproteins as described for 4SALE v1.5 [23,35].
Pseudoproteins were coded such that each of the four
nucleotides may be present in three different states:
unpaired, opening base-pair and closing base-pair. Thus,
an ITS2 specific 12 x 12 scoring matrix was used for
calculation of the alignment [23].
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Reconstruction of phylogenetic trees for all trees has
been performed with Profile Neighbor Joining (PNJ) of a
console version of ProfDistS 0.9.8 [36,37]. With this we
estimated improvements due to secondary structures, but
keep the method of reconstruction constant. We decided
in favor of PNJ and against other methods like maximum
likelihood, Bayesian inference and parsimony for several
reasons: the distance matrices are independent of insertion
and deletion events, the algorithm is very fast and a pipe-
line for reconstructions with PNJ using secondary struc-
tures is already published [25]. However beneficial effects
may be transferable to these methods. Profile building was
allowed with default settings. General time reversible mod-
els (GTRs) were applied with the corresponding 4 x 4 and
12 x 12 substitution matrices for sequences and
sequences-structures, respectively.

Robustness and Accuracy

Profile Neighbor Joining trees were bootstrapped with
100 pseudo-replicates to retain information about the
stability of the resulting tree. Bootstrap support values
of all tree branches obtained from the 1,000 sequence
sets of a certain scenario were extracted and pooled.
Furthermore, the resulting trees were compared to the
respective reference tree. In this regard, two tree dis-
tance quantification methods were applied, Robinson-
Foulds distances using the Phylip Package v3.68 [38]
and Quartet distances using Qdist v1.0.6 [39]. Results of
all sequence sets were combined for a given scenario to
receive the distributions of bootstrap values, Quartet
distances and Robinson-Foulds distances, respectively.
The result of each 14-taxa-scenario was plotted as a
boxplot with notches using R v2.9.0 [40]. An interpolat-
ing spline curve was added. For the remaining scenarios
(10 and 18 taxa) only spline curves were added for the
sake of clarity.

Short biological case study

Here we provide a short example of ITS2 secondary
structure phylogeny, applied to biological data: we
sampled sequences of three plant families using the
ITS2-database browse feature (database accessed: June
2009): Thymelaeaceae (Malvales), Malvalceae (Malvales)
and Sapindaceae (Sapindales). For each family we chose
two sequences of the first two appearing genera. Tree
reconstruction followed the methods described by
Schultz and Wolf [25] and is equivalent to the recon-
struction procedure used for the simulated sequence
sets. Furthermore, the same procedure was applied with-
out secondary structure information for comparison.

Reviewers’ comments

Reviewer’s report 1

Shamil Sunyaev, Division of Genetics, Dept. of Medicine,
Brigham & Women’s Hospital and Harvard Medical
School

Page 10 of 12

This manuscript demonstrates the utility of taking
into account secondary structure in the phylogenetic
analysis. Using comprehensive simulations and a real
dataset of ITS2 sequences the authors demonstrated
that for higher sequence divergence trees constructed
with the help of secondary structure information
improve accuracy and robustness. Another interesting
result is that addition of taxa may reduce accuracy of
tree reconstruction at least in terms of quartet distance
between reconstructed and true trees.

Author’s response

Thanks a lot for this positive report!

Reviewer’s report 2

Andrea Tanzer, Institute for Theoretical Chemistry, Uni-
versity of Vienna (nominated by Frank Eisenhaber,
Bioinformatics Institute (BII) Agency for Science, Tech-
nology and Research, Singapore)

General comments:

The manuscript “Ribosomal Secondary Structures
improve Accuracy and Robustness in Reconstruction of
Phylogenetic Trees” compares different methods to
improve the quality of phylogenetic analysis. RNA sec-
ondary structure information has been included in a
variety of previous phylogenetic analysis, but this is the
first study exploring the effect on the resulting trees in
detail.

The authors use internal transcribed spacer 2 of ribo-
somal RNAs, a well established set of markers, to simu-
late a broad spectrum of 300 different scenarios. In
addition, they compare their results from the simula-
tions to a set of biological examples from selected plant
species.

Overall, the manuscript is carefully written and the
authors chose analysis and method appropriately. The
simulated sequence set could be used for future studies.

Minor comments:

*) The title might be a little bit miss-leading since
‘Ribosomal Secondary Structures’ do not improve the
‘Accuracy and Robustness in Reconstruction of Phyloge-
netic Trees’ in general and the method should be applic-
able to other RNA markers. Therefore, I suggest
something like “Including Secondary Structures improve
Accuracy and Robustness in Reconstruction of Phyloge-
netic Trees”.

*) The setup for the simulations is quite complex. It
might help the reader if you add a table or figure to the
supplemental material that summarizes the individual
conditions for each data set produced.

Alternatively, you could just add to the text that you
use 10 different branch length, 5 ancestral sequences
and 6 different trees (3 topologies for equal and variable
branch length) resulting in 300 different conditions. If I
understand this correctly, then you retrieved for each of
these 300 conditions 2,000 sequence sets (a total of
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600,000 sets), where each set contains 10, 14 and 18
taxa, resp., depending on the tree topology used. These
numbers should be mentioned in the text.

*) The set of simulated sequences should be accessible,
such that it can be downloaded and used by the com-
munity for further studies. Maybe put a link on the
website of the ITS2 database.

*) Predicting secondary structures of single sequences
occasionally results in (mfe) structures of unexpected
shapes. One way to get around this problem is the cal-
culation of consensus structures of a set of related
sequences. The resulting consensus structures can then
be used for contraint folding of those sequences that
could not be folded correctly in the first place. Further-
more, the sequences might fold into a number of
equally good structures, but folding programs present
only the first result (under default settings). The ‘true’
structure could as well be among the best folds, but not
necessarily the optimal one (suboptimal folding). After
all, folding algorithms only make the most plausible pre-
dictions. In this study, prediction of RNA secondary
structures includes homology modelling. It is of ques-
tion weather this is the most efficient method. However,
since the structures deposited at the ITS2 database were
created that way, it seems legitimate to apply it here a
well.

Author’s response

Thank you for carefully reading the manuscript. We
addressed the minor comments regarding text changes
and included the necessary information within the text.
The set of simulated sequences is now downloadable at
the Supplement section of the ITS2 Database http://its2.
bioapps.biozentrum.uni-wuerzburg.de/. We totally agree
that there are other possibly more efficient methods
concerning structure prediction. However, as already
stated by Dr. Tanzer ‘structures deposited at the ITS2
database were created that way [homology modelling], it
seems legitimate to apply it here as well’. The big advan-
tage of the ITS2 is, that the core folding pattern is
already known. Therefore, we have an external criterium
to check for the correctness of the predicted structures.
Reviewer’s report 3

Eugene V. Koonin, National Center for Biotechnology
Information, NIH, Bethesda

This is a useful method evaluation work that shows
quite convincingly the inclusion of RNA secondary
structure information into phylogenetic analysis
improves the accuracy of neighbor-joining trees. My
only regrets are about a certain lack of generality. It
would be helpful to see a similar demonstration for for
at least two different kinds of nucleic acid sequences
not only ITS2. Also, at the end of the Conclusion sec-
tion, the authors suggest that secondary structure could
help also with other phylogenetic approaches (ML etc).
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Showing this explicitly would be helpful, especially,
given that NJ is hardly the method of choice in today’s
phylogenetics.

Author’s response

Thank you for your encouraging report. For ITS2 the
core structure is well known and there are about
200,000 individual secondary structures available. How-
ever, it is absolutely right that it would be helpful to
perform an analysis also on other types of phylogenetic
RNA markers. Unfortunately, today there is no compar-
able amount of data available concerning secondary
structures of other RNAs. Similarily, there are no pro-
grams to run an analysis on other methods such as par-
simony, maximum likelihood and/or bayesian methods
simultanously considering sequence and secondary
structure information.

Additional file 1: Normalized Quartet distance and Robinson-Foulds
plots. Similar to Figures 2 and 4, but showing per-branch Quartet
distances as a normalized standard i.e. divided by number of splits.
Robinson-Foulds Distances are given in absolute and normalized
versions.

Click here for file
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Additional file 2: Empirical pairwise distances. Pairwise distances of
an ITS2 case study that integrates secondary structure.
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Additional file 3: Substitution matrices. Nucleotide 4 x 4 GTR
substitution model Qse, for the evolution of unpaired nucleotides and a
dinucleotide 16 x 16 GTR substitution model Qs ycr.
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Abstract

Background: Within Chlorophyceae the ITS2 secondary structure shows an unbranched helix |,
except for the 'Hydrodictyon' and the 'Scenedesmus' clade having a ramified first helix. The latter two
are classified within the Sphaeropleales, characterised by directly opposed basal bodies in their
flagellar apparatuses (DO-group). Previous studies could not resolve the taxonomic position of the
'Sphaeropled' clade within the Chlorophyceae without ambiguity and two pivotal questions remain
open: (1) Is the DO-group monophyletic and (2) is a branched helix | an apomorphic feature of the
DO-group!? In the present study we analysed the secondary structure of three newly obtained ITS2
sequences classified within the 'Sphaeroplea’ clade and resolved sphaeroplealean relationships by
applying different phylogenetic approaches based on a combined sequence-structure alignment.

Results: The newly obtained ITS2 sequences of Ankyra judayi, Atractomorpha porcata and
Sphaeroplea annulina of the 'Sphaeroplea' clade do not show any branching in the secondary
structure of their helix I. All applied phylogenetic methods highly support the 'Sphaeroplea' clade as
a sister group to the 'core Sphaeropleales'. Thus, the DO-group is monophyletic. Furthermore,
based on characteristics in the sequence-structure alignment one is able to distinguish distinct
lineages within the green algae.

Conclusion: In green algae, a branched helix | in the secondary structure of the ITS2 evolves past
the 'Sphaeroplea’ clade. A branched helix | is an apomorph characteristic within the monophyletic
DO-group. Our results corroborate the fundamental relevance of including the secondary
structure in sequence analysis and phylogenetics.

Background ground. This also applies to the taxonomic position of the
Taxonomists face inconsistent or even contradictory clues ~ Sphaeropleaceae [1-23]. Different authors affiliate the
when they examine the affiliation of organisms to higher = green algal family by morphological characters to either
taxonomic groupings. Several characters may yield alter-  ulvophytes or chlorophytes, until amendatory Deason et
native hypotheses explaining their evolutionary back-  al.[10] suggested that the Neochloridaceae, the Hydrodic-
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tyaceae and the Sphaeropleaceae should be grouped as
Sphaeropleales within the chlorophytes, since all of them
have motile biflagellate zoospores with a direct-opposite
(DO) confirmation of basal bodies.

Subsequently, other taxonomic lineages (the 'Ankistrodes-
mus' clade, the 'Bracteacoccus' clade, the 'Pseudomuriella’
clade, Pseudoschroederia, the 'Scenedesmus' clade, Schroede-
ria and the 'Zofingiensis' clade) were added to this biflagel-
late DO group, because they show molecular affiliation to
either Neochloridaceae or Hydrodictyaceae [24].

Although nowadays most authors agree that the DO
group is monophyletic, until now no study pinpointed
the taxonomic linkage of the name-giving 'Sphaeroplea’
clade to the remaining 'core Sphaeropleales' persuasively
with genetic evidence [6,23], i.e. the sister clade remains
unclear [15,24]. Likewise, with respect to morphology,
studies of 18S and 26S rRNA gene sequences neither
resolve the basal branching patterns within the Chloro-
phyceae with high statistical power nor corroborate a
monophyletic biflagellate DO group without ambiguity
[6,23].

Muiiller et al. [25] obtained moderate statistical support for
the close relationship of the 'Sphaeroplea' clade and the
‘core Sphaeropleales' with profile distances of 18S and
26S rDNA. In this study we followed and expanded their
methodology with a very different phylogenetic marker.
The internal transcribed spacer 2 (ITS2), the region of
ribosomal RNA between the 5.8S rRNA gene and the large
subunit (26S rDNA) has proven to be an appropriate
marker for the study of small scale phylogenies of close
relatives [26-29]. The sequence is in contrast to the bor-
dering regions of ribosomal subunits evolutionary not
conserved, thus genetic differentiation is detectable even
in closely related groups of organisms. By contrast, the
secondary structure seems to be well conserved and thus
provides clues for higher taxonomic studies [27,30-33].
Secondary structure information is furthermore especially
interesting within the Chlorophyceae, because van Han-
nen et al. [34] described an uncommon branching of ITS2
helix 1 within the genera Desmodesmus, Hydrodictyon [35]
and Scenedesmus. It is not known when this feature
evolved and whether it is, as we expect, an apomorphic
feature for the DO-group. It is obvious that phylogenetic
statements should be improvable by inclusion of struc-
tural information in common sequence analysis. For
example, Grajales et al. [36] calculated morphometric
matrices from ITS2 secondary structures for phylogenetic
analyses, but treated information of sequence and struc-
ture as different markers. Here we combine sequence with
structural information in just one analysis. Aside from the
biological problem, we address the pivotal question of a

http://www.biomedcentral.com/1471-2148/8/218

methodological pipeline for sequence-structure phyloge-
netics using rDNA data.

Methods

DNA extraction, amplification and sequencing

Extraction of genomic DNA from cultured cells of Ankyra
judayi, Atractomorpha porcata and Sphaeroplea annulina was
done using Dynabeads® (DNA DIRECT Universal, Dynal
Biotech, Oslo, Norway) according to the manufacturer's
protocol. PCR reactions were performed in a 50 pl reac-
tion volume containing 25 pl FastStart PCR Master (Roche
Applied Science), 5 ul gDNA and 300 nM of the primers
ITS3 (5'-GCA TCG ATG AAG AAC GCA GC-3') and ITS4
(5'-TCCTCC GCTTAT TGA TAT GC-3') designed by White
etal. [37].

Cycling conditions for amplification consisted of 94°C
for 10 min, 30 cycles of 94°C for 30 s, 50°C for 30 s and
72°Cfor 45 s, followed by a final extension step of 10 min
at 72°C. PCR products were analysed by 3% agarose gel
electrophoresis and ethidium bromide staining.

PCR probes where purified with the PCR Purificaton Kit
(Qiagen) and where quantified by spectrometry. Each
sequencing probe was prepared in an 8 ul volume con-
taining 20 ng DNA and 1.25 uM Primer. Sequencing was
carried out using an annealing temperature of 50°C with
the sequencer Applied Biosystems QST 3130 Genetic Ana-
lyzer by the Institute of Hygiene and Microbiology (Wiirz-
burg, Germany).

ITS2 secondary structure prediction

ITS2 secondary structures of the three newly obtained
sequences were folded with the help of RNAstructure [38]
and afterwards manually corrected. All available 788 chlo-
rophycean ITS2 sequences were obtained from the NCBI
nucleotide database. The ITS2 secondary structure of
Atractomorpha porcata was used as template for homology
modelling. Homology modelling was performed by using
the custom modelling option as provided with the ITS2-
Database [30-33] (identity matrix and 50% threshold for
the helix transfer). Forty-nine species representing the
chlorophycean diversity were retained and used as com-
parative taxa in inferring phylogenies (Table 1). For this
taxon sampling, accurate secondary structures of
sequences were now folded by RNAstructure and addi-
tionally corrected using Pseudoviewer 3 [39]. We stand-
ardized start and end of all helices according to the
optimal folding of the newly obtained sequences.

Alignment and phylogenetic analyses

Using 4SALE [40,41] with its ITS2 specific scoring matrix,
we automatically aligned sequences and structures simul-
taneously. Sequence-structure alignment is available at
the ITS2 database supplements page. For the complete
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Table I: Chlorophyte species used for this investigation.

http://www.biomedcentral.com/1471-2148/8/218

Clade Species Strain GenBank
'Sphaeroplea ' Ankyra judayi (G.M. Smith) Fott 1957 SAG 17.84 EU352800
Atractomorpha porcata Hoffman 1984 strain SAG 71.90 EU352803
Sphaeroplea annulina (Roth) C. Agardh 1824 SAG 377.1a EU352801
Sphaeroplea annulina (Roth) C. Agardh 1824 SAG 377.1e EU352802
'Dundliella’ Haematococcus droebakensis Wollenweber 1908 - U66981
Dundliella parva Lerche 1937 - DQl16746
Dundliella salina (Dunal) Teodoresco 1905 CCAP 19/18 EF473746
'Hydrodictyon ' Hydrodictyon africanum Yamanouchi 1913 UTEX 782 AY779861
Hydrodictyon patenaeforme Pocock CCAP 236/3 AY577736
Hydrodictyon reticulatum (Linnaeus) B. de St.-Vincent 1824 CBS AY779862
Pediastrum braunii Wartmann 1862 SAG 43.85 AY577756
Pediastrum duplex Meyen 1829 UTEX 1364 AY779868
Pseudopediastrum boryanum (Raciborski) Sulek 1969 UTEX 470 AY779866
Sorastrum spinulosum Nageli 1849 UTEX 2452 AY779872
Stauridium tetras (Ehrenberg) Ralfs 1844 EL 0207 CT AY577762
'Oedogonium’ Bulbochaete hiloensis (Nordstedt) Tiffany 1937 - AY962677
Oedogonium cardiacum (Hassall) Wittrock 1870 - AY962675
Oedogonium nodulosum Wittrock 1872 - DQ078301
Oedogonium oblongum Wittrock 1872 - AY96268I
Oedogonium undulatum (Brébisson) A. Braun 1854 - DQ178025
'Reinhardtii’ Chlamydomonas incerta Pascher 1927 SAG 81.72 AJ749625
Chlamydomonas komma Skuja 1934 - U6695 1
Chlamydomonas petasus Ettl SAG 11.45 AJ749615
Chlamydomonas reinhardtii Dangeard 1888 CC-620 AJ749638
Chlamydomonas typica Deason & Bold 1960 SAG 61.72 AJ749622
Eudorina elegans Ehrenberg 1831 ASW 107 AF486524
Eudorina unicocca G.M. Smith 1930 UTEX 1215 AF486525
Gonium octonarium Pocock 1955 Tex AF054424
Gonium pectorale O.F. Miiller 1773 Chile K AF054440
Gonium quadratum E. G. Pringsheim ex H. Nozaki Cal 3-3 AF182430
Pandorina morum (O.F. Miiller) Bory de Saint-Vincent 1824 Chile AF376737
Volvox dissipatrix (Shaw) Printz - U67020
Volvox rousseletii G.S.West - U67025
Volvulina steinii Playfair 1915 - U67034
Yamagishiella unicocca (Rayburn & Starr) Nozaki 1992 ASW 05129 AF09818I
'Scenedesmus' Desmodesmus abundans (Kirchner) Hegewald 2000 UTEX 1358 AJ400494
Desmodesmus bicellularis (Chodat) An, Friedl & Heg. 1999 CCAP 276/14 AJ400498
Desmodesmus communis (Hegewald) Hegewald 2000 UTEX 76 AM410660
Desmodesmus elegans (Hortobégyi) Heg. & Van. 2007 Heg 1976-28 AM228908
Desmodesmus opoliensis (P.G. Richter) Hegewald 2000 EH 10 AMA410655
Desmodesmus pleiomorphus (Hindak) Hegewald 2000 UTEX 1591 AM410659
Desmodesmus quadricauda (Turpin) Hegewald - AJ400495
Scenedesmus acuminatus (Lagerheim) Chodat 1902 UTEX 415 AJ249511
Scenedesmus acutiformis (B. Schréder) F. Hindak 1990 SAG 276.12 AJ237953
Scenedesmus basiliensis Chodat 1926 UTEX 79 AJ400489
Scenedesmus dimorphus (Turpin) Kiitzing 1833 UTEX 417 AJ400488
Scenedesmus longus Meyen 1829 ex Ralfs NIOO-MV5 AJ400506
Scenedesmus obliquus (Turpin) Kiitzing 1833 Tow 9/21P-1W DQ417568
Scenedesmus pectinatus Meyen 1828 An llla AJ237954
Scenedesmus platydiscus (G.M. Smith) Chodat 1926 UTEX 2457 AJ400491
Scenedesmus raciborskii Woloszynska 1914 An 1996-5 AJ237952
Scenedesmus regularis Svirenko Heg 1998-2 AY 170857
Scenedesmus wisconsinensis (G.M. Smith) Chodat 1996 An 4] AJ237950

Listed is the current clade classification of the species [69,70,24] and the GenBank accession numbers of the analyzed sequences. The four newly
obtained sequences are of the 'Sphaeropled' clade.
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alignment we tested for appropriate models of nucleotide
substitution using the Akaike Information Criterion (AIC)
as implemented in Modeltest [42]. The following PAUP-
block was used for all maximum likelihood based phylo-
genetic analyses with PAUP* [43]: Lset Base = (0.2299
0.2415 0.2152) Nst = 6 Rmat = (1.4547 3.9906 2.0143
0.1995 3.9906) Rates = gamma Shape = 1.1102 Pinvar =
0.0931;. A maximum likelihood (ML) analysis was per-
formed with a heuristic search (ten random taxon addi-
tion replicates) and nearest neighbour interchange (NNI)
[44].

Maximum parsimony (MP) [45] was accomplished with
gaps treated as missing data and all characters coded as
"unordered" and equally weighted. Additionally, we clus-
tered taxonomic units with neighbour-joining (NJ) [46]
using maximum likelihood distances. Furthermore, with
MrBayes [47] a Bayesian analysis (B) was carried out for
tree reconstruction using a general time reversible substi-
tution model (GTR) [48-50] with substitution rates esti-
mated by MrBayes (nst = 6). Moreover, using ProfDist, a
profile neighbour-joining (PNJ) tree [51,25] was calcu-
lated using the ITS2 specific substitution model available
from the ITS2 Database. PNJ was also performed with pre-
defined profiles (prePN]) of all the clades given in Table 1.

For clade 'Scenedesmus' two profiles were used for groups
'true Scenedesmus' (Scenedesmus except S. longus) and
'Desmodesmus' (Desmodesmus and S. longus). We per-
formed a sequence-structure profile neighbour-joining
(strPNJ) analysis with a developmental beta version of
ProfDist (available upon request). The tree reconstructing
algorithm works on a 12 letter alphabet comprised of the
4 nucleotides in three structural states (unpaired, paired
left, paired right). Based on a suitable substitution model
[40], evolutionary distances between sequence structure
pairs have been estimated by maximum likelihood. All
other applied analyses were computed only on the
sequence part of the sequence-structure alignment. For
MP, NJ, PNJ, prePNJ and strPNJ analyses 1.000 bootstrap
pseudoreplicates [52] were generated. One hundred boot-
strap replicates were generated for the ML analysis. Addi-
tionally we used RAXML at the CIPRES portal to achieve
1.000 bootstraps with a substitution model estimated by
RAXML [53]. All methods were additionally applied to a
50% structural consensus alignment cropped with 4SALE
(data not shown). The individual steps of the analysis are
displayed in a flow chart (Fig. 1).

Results

New ITS2 sequences

GenBank accession numbers for newly obtained nucle-
otide sequences are given in Table 1 (entries 1-4). The two
ITS2 sequences of Sphaeroplea annulina (Roth, Agardh)
strain SAG 377-1a and strain SAG 377-1e were identical

http://www.biomedcentral.com/1471-2148/8/218

and thus only the first one was used for further analysis.
According to folding with RNAstructure, ITS2 secondary
structures of the three newly obtained sequences did not
exhibit any branching in their helix I (Fig. 2) as it is
described for the 'core Sphaeropleales’, i.e. helix I was
more similar to those of the CW-group and the 'Oedogo-
nium' clade. Helix I of Sphaeroplea annulina was explicitly
longer (9 nucleotides) than those of the other newly
obtained algae. Due to this insertion, for Sphaeroplea, a
branching pattern was enforceable, but would have lower
energy efficiency. However, the additional nucleotides are
not homologous to the insertion capable of making an
additional stem (Y-structure) found in the 'Scenedesmus'
and the 'Hydrodictyon' clade (approximately 25 bases).

ITS2 sequence and secondary structure information

ITS2 sequence lengths of all studied species ran from 202
to 262 nucleotides (nt), 235 nt on average. The GC con-
tents of ITS2 sequences ranged from 36.84% to 59.92%,
with a mean value of 52.42%. The number of base pairs
(bp) varied between 64 and 89 bp and averaged 77 bp.
The cropped alignment (50% structural consensus)
showed that 23% of the nucleotides had at least a 50%
consistency in their pairings. Compensatory base changes
(CBCs) as well as hemi-CBCs (all against all) range from
0 to 16 with a mean of 6.6 CBCs (Fig. 2). Sequence pairs
lacking CBCs were exclusively found within the same
major clade.

Characteristics in a conserved part of alignment

In agreement with Coleman [28], the 5' side part near the
tip of helix III was highly conserved including the UGGU
motif [54,55,30], likewise the UGGGU motif in case of
Chlorophyceae. We selected a part of the alignment at this
position with adjacent columns (Fig. 2) to verify the sug-
gested conservation. Having a closer look at this part of
helix I11, in our case, it showed typical sequence and struc-
tural characteristics for distinct groups. Studied species of
the 'Oedogonium' clade possess at position 3 in the selected
part of the alignment an adenine and in addition at posi-
tions 3-5 paired bases. In contrast, the CW-group solely
possessed three consecutively paired bases in this block,
but not the adenine. A typical pattern for clades of the
DO-group was a twofold motif of 3 bases: uracile, adenine
and guanine at positions 7-9, which is repeated at posi-
tions 11-13. This could be a duplication, which results in
a modified secondary structure. In addition, the 'core
Sphaeropleales' ('Hydrodictyon' clade and 'Scenedesmus'
clade) showed an adenine base change at position 6, com-
pared to all other clades.

Phylogenetic tree information

The PAUP* calculation applying maximum Parsimony
included a total of 479 characters, whereas 181 characters
were constant, 214 variable characters were parsimony-
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Flowchart of the methods applied in this study. Sequences were obtained from the laboratory and from NCBI and after-
wards folded with RNAstructure [38] or custom modelling of the ITS2 Database [30-33]. An alternative way may pose to
directly access sequences and structures deposed at the ITS2 Database. The sequence-structure alignment was derived by
4SALE [40]. Afterwards several phylogenetic approaches were used to calculate trees: NJ = neighbour-joining, PNJ] = profile
neighbour-joining, strPNJ = sequence-structure neighbour-joining, prePN] = predefined profiles profile neighbour-joining, MP =
maximum Parsimony, ML = maximum likelihood and B = Bayesian analysis.

informative compared to 84 parsimony-uninformative
ones.

The resulting trees (Fig. 3 and 4, Table 2) of all performed
analyses (NJ [PAUP* and ProfDist], PNJ, prePN]J, strPNJ,
ML [PAUP* and RAXML], MP, B) yielded six major clades:
the 'Dunaliella’, the 'Hydrodictyon', the 'Oedogonium’, the
'Reinhardtii', the 'Scenedesmus', and the 'Sphaeroplea’ clade.
All of them were separated and - except for the 'Scenedes-
mus' clade - highly supported by bootstrap values of 83-
100%, respectively by Bayesian posterior probabilities of
0.86-1.0.

The 'Hydrodictyon' clade, the 'Scenedesmus' clade and the
'Sphaeroplea’ clade form one cluster that was strongly
supported by high bootstrap values of 67-96% (node
"g"). The three clades composed the DO-group. The
opposite cluster included the 'Dunaliella’ and the 'Rein-
hardtii' clade, forming the CW-group. The 'Oedogonium'
clade was chosen as the outgroup [56]. Both clusters (CW-
group and 'Oedogonium' clade) were strongly supported
by bootstrap values of 84-100% (nodes "i" and "h").

Except for the Bayesian analysis (least support for node
"c"), all applied methods yielded node "e" as the weakest
point within the basal (labelled) branches (Table 2),
which presents the relationship between the 'Hydrodictyon'
and the 'Scenedesmus' clade on the one hand and the
'Dunaliella’, the 'Oedogonium', the 'Reinhardtii' and the
'Sphaeroplea’ clade on the other hand. The phylogenetic
tree resulting from neighbour-joining analysis by PAUP*
(Fig. 3) did not support node "e" at all, but strongly sup-
ported the remaining labelled branches. The maximum
likelihood analysis by PAUP* (Fig. 4) did not encourage
node "e" either. Both maximum likelihood methods did
not even support nodes "a" ('true Scenedesmus' compared
to remaining clades) and "c" ('Scenedesmus' opposite to
remaining clades). All other basal branches were sup-
ported by this method.

Varying neighbour-joining analyses by ProfDist (NJ, PNJ,
prePN]J, strPNJ) supported all basal branches - except for
the weakest node "e" (average support) - with very high
bootstrap support values of 84-100%. The maximum Par-
simony method gave average support (63 and 62%) for
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ITS2 structure of Sphaeroplea annulina, degrees of conservation and structure alignment. The structure of the
internal transcribed spacer 2 of Sphaeroplea annulina shows the common four helices. Helix | is unbranched. Helix | of Scenedes-
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Table 2: Bootstrap support values for basal branches of all methods applied.

Software ProfDist PAUP* MrBayes RAxML
Model ITS2 Modeltest - Estimated
Analysis NJ PNJ prePNJ strPN]J NJ ML MP B ML
Nodes a 99 95 100! 100 91 - 82 0.86 -
b 96 96 100! 96 99 93 86 1.00 98
c 88 88 95 88 90 - 63 0.72 -
d 100 99 100! 100 100 92 100 1.00 96
e 62 55 53 60 - - 62 0.97 64
f 100 100 100! 100 100 99 100 1.00 100
g 87 91 88 96 86 67 80 0.98 93
h 99 99 100! 99 100 100 100 1.00 100
i 90 90 92 84 93 88 85 0.99 89
i 97 98 100! 98 93 91 91 0.99 98
k 97 96 100! 95 96 88 83 1.00 99
Figure 3 4

The table supplements Fig. 3 and Fig. 4. Node "g" supports a monophyletic DO group and is printed in bold letters. Software used: ProfDist and
PAUP*. Models of substitution: ITS2 = GTR with ITS2 substitution matrix, Modeltest: TVM+1+G with estimated parameters. Phylogenetic analysis:
NJ = neighbour-joining, PNJ = profile neighbour-joining, prePNJ = profile neighbour-joining with predefined profiles, strPN] = sequence-structure
profile neighbour-joining, ML = maximum likelihood, B = Bayesian analysis (posterior probabilities), MP = maximum Parsimony. 'Predefined profiles

for profile neighbour-joining.

node "c" and "e" and high bootstrap values (80-100%)
for the remaining basal clades. The Bayesian analysis
offered posterior probabilities of 0.72 for node "c" and
0.86-1.0 for the remaining basal nodes. For further sister
group relations see Fig. 3 and 4.

In comparison, the topology of the phylogenetic tree
based on the 50% cropped alignment did not change, but
the bootstrap support values were lower in all cases (data
not shown).

Discussion
The internal transcribed spacer 2 (ITS2) is required in
ribosome biogenesis [57-59] and its gradual removal
from mature rRNA is driven by its specific secondary struc-
ture [60,59].

Using three newly obtained ITS2 sequences from Ankyra
judayi, Atractomorpha porcata and Sphaeroplea annulina
(Sphaeropleaceae) in this study we aimed to pursue two
consecutive questions concerning the phylogenetic rela-
tionships within Chlorophyceae. (1) What is the phyloge-
netic position of the newly sequenced algae relative to the
‘core Sphaeropleales' and could the biflagellate DO-group
be regarded as monophyletic? (2) How does the second-
ary structure of the new ITS2 sequences look like and is an
autapomorphic feature of the secondary structure associ-
ated with the monophyletic DO-group?

Considering the question (1) Buchheim et al. [6] and
Wolf et al. [23] approached the problem with 18S + 26S

rDNA and 18S rDNA data, but the relationship between
the 'core Sphaeropleales’ and the Sphaeropleaceae
remained unclear. However, in their studies, Ankyra,
Atractomorpha and Sphaeroplea clustered in a mono-
phyletic clade named Sphaeropleaceae. We confirm this
'Sphaeroplea’ clade with all three genera being strongly sep-
arated from other clades. As a result of a Bayesian analysis
on a combined 18S and 26S rDNA dataset Shoup and
Lewis [61] also found the Sphaeropleaceae as the most
basal clade within the Sphaeropleales, but again the anal-
ysis lacked a strong backing. Beside these difficulties the
'core Sphaeropleales' were already shown to be mono-
phyletic with high certainty [6,25,62,61,23].

The DO-group (Sphaeropleales including the 'Sphaeroplea’
clade) as emended by Deason et al. [10], for which the
directly opposed basal body orientation and basal body
connection features are verified [63-65], is now strongly
supported by molecular phylogenetic analyses. There was
already evidence of an extended DO-group [6,66,67],
however, for some groups ultrastructural results are still
lacking, and even though the collective basal body orien-
tation and connection imply a monophyletic DO-group,
until now no molecular phylogenetic analysis could show
this with solid support [6,62,24,23]. We demonstrate for
the first time with robust support values for the equivocal
nodes that the 'core Sphaeropleales', the 'Sphaeroplea’
clade, and the Sphaeropleales are monophyletic.

Regarding question (2), for all structures of the 'Hydrodic-

tyon' and the 'Scenedesmus' clade, helix I shows the typical
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Neighbour-joining phylogeny of the Chlorophyceae based on comparison of ITS2 rRNA sequences and struc-

tures. The tree is unrooted, but the 'Oedogonium' clade is most likely appropriate as outgroup [56]. Sequences of the 'Sphaero-
plea' clade were sequenced for this study and shown in bold letters. The phylogenetic tree is calculated by neighbour-joining
with PAUP* [46,43] for an alignment with 52 taxa and 479 characters. The substitution model was set to TVM+I+G with
parameters estimated by Modeltest [42]. Bootstrap values of basal branches are given for profile neighbour-joining with prede-
fined profiles (ProfDist with ITS2 substitution model) [51,31]. Branch thickness is dependant of Bootstrap values calculated

with four distance methods: neighbour-joining (PAUP*), neighbour-joining, complete profile neighbour-joining and sequence-
structure profile neighbour-joining (all three ProfDist with ITS2 substitution model).
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ment contained 52 taxa and 479 characters. The suggested outgroup is the 'Oedogonium' clade [56]. Sequenced species are

shown in bold (‘Sphaeropled' clade). Substitution models and tree distances were calculated with MrBayes [47]. Posterior prob-
abilities are shown for basal branches. Branch thickness is dependant of Bootstrap values calculated with maximum likelihood

Phylogeny of chlorophyte ITS2 sequences and structures based on distances of a Bayesian analysis. The align-
(PAUP* with TVM+1+G, RAxML) [42,53,43] and maximum Parsimony (PAUP*) (see legend). Resulting parameter of perform-

ing MPare L = 1231, Cl = 0.4427, HI = 0.5573, Rl = 0.7264, RC = 0.3216.
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branching (Y-structure). Initially, An et al. [68] proposed
a secondary structure model with an unbranched helix I
for ITS2 sequences of 'Scenedesmus' clade members. There-
after, van Hannen et al. [34] updated the model by folding
the nucleotide sequences based upon minimum free
energy and found a branched helix I as the most energeti-
cally stable option. The branching is result of an insertion
of approximately 25 nucleotides capable of folding as an
individual stem within the 5' end of the first helix. How-
ever, ITS2 sequence and secondary structure information
of further 'core Sphaeropleales'’ members, e.g. the 'Ankis-
trodesmus' clade and the 'Bracteacoccus' clade, lacks hith-
erto. In contrast, the Y-structure is absent within the
'Sphaeroplea’ clade and any other investigated group so far.
Thus this feature is — contrary to our expectation — not an
autapomorphic character for the biflagellate DO-group as
a whole but for the 'core Sphaeropleales'.

Regarding future work, the resolution among the main
clades of Chlorophyceae was statistically poorly sup-
ported in previous studies [68,15,6,23]. Proschold and
Leliaert [24] reviewed the systematics of green algae by
applying a polyphasic approach, but did not yield a clear
resolution regarding a sister taxon to the Sphaeropleales.
Since they are not yet available, ITS2 sequences of chae-
topeltidalean and chaetophoralean taxa could not be
included in the present study and therefore the phyloge-
netic relationships between the main Chlorophyceae
clades remain open. We recommend involving sequence
and secondary structure information of chaetopeltidalean
and chaetophoralean ITS2 sequences in future studies to
find out if the monophyletic biflagellate DO-group could
be further extended to a general monophyletic DO-group
containing quadri- and biflagellate taxa. A genome-wide
approach  indicates  that  Sphaeropleales  and
Chlamydomonadales are sister taxa, however only a few
organisms are included in this study [56]. An additional
uprising question is when the Y has evolved within the
'core Sphaeropleales'. This could be resolved by inclusion
of other members (e.g. Bracteacoccus) in further studies.

The two major reasons contributing to the robust results
presented here are the change of the phylogenetic marker
and the inclusion of secondary structure information. In
contrast to previous phylogenetic work concerning Chlo-
rophyceae, this study is based on the ITS2, which offers a
resolution power for relationships from the level of sub-
species up to the order level, because of their variable
sequence but conserved secondary structure [26,30-33].
Hitherto commonly used markers in contrast are a lot
more restricted. Using 4SALE [40] with implemented
structure consideration, we could achieve for the first time
a global simultaneously generated sequence-structure
alignment (c.f. Fig. 1) yielding specific sequence and

http://www.biomedcentral.com/1471-2148/8/218

structural features distinguishing different algae lineages
(c.f. Fig. 2).

Conclusion

In summary, the powerful combination of the ITS2 rRNA
gene marker plus a multiple global alignment based syn-
chronously on sequence and secondary structure yielded
high bootstrap support values for almost all nodes of the
computed phylogenetic trees. Thus, the relationship of
Sphaeropleaceae is here resolved, being a part of the
Sphaeropleales representing the monophyletic biflagel-
late DO-group. Furthermore, we could elucidate a
branched helix I of ITS2 as an autapomorphic feature
within the DO-group. This feature could be found only in
the 'Hydrodictyon' and the 'Scenedesmus' clade. Our results
corroborate the presented methodological pipeline, the
fundamental relevance of secondary structure considera-
tion, as well as the elevated power and suitability of ITS2
in phylogenetics. For a methodological improvement it is
suitable to ameliorate the alignment algorithm in further
considering horizontal dependencies of paired nucle-
otides, and moreover in future ITS2 studies it is suggested
to include sequence and secondary structure information
of hitherto not regarded taxa to resolve the chlorophycean

phylogeny.
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